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14.  Ternary  systen  Thuliun  -  Boron  -  Nitrogen  63 

15.  Ternary  systen  Lutetiun  -  Boron  -  Nitrogen  68 

16.  Ternary  systen  Uraniun  -  Boron  -  Nitrogen  73 

17.  Ternary  systen  Titaniun  -  Boron  -  Nitrogen  79 

18.  Ternary  systen  Zircon iun  -  Boron  -  Nitrogen  89 

19.  Ternary  systen  Hafniun  -  Boron  -  Nitrogen  98 

20.  Ternary  systen  Vanadiun  -  Boron  -  Nitrogen  106 

21.  Ternary  systen  Niobiun  -  Boron  -  Nitrogen  115 

22.  Ternary  systen  Tantalun  -  Boron  -  Nitrogen  123 

23.  Ternary  systen  Chroniun  -  Boron  -  Nitrogen  131 

23.  Ternary  systen  Molybdenun  -  Boron  -  Nitrogen  143 

24.  Ternary  systen  Tungsten  -  Boron  -  Nitrogen  153 

25.  Ternary  systen  Manganese  -  Boron  -  Nitrogen  163 

26.  Ternary  systen  Rheniun  -  Boron  -  Nitrogen  172 

27.  Ternary  systen  Iron  -  Boron  -  Nitrogen  177 

28.  Ternary  systen  Cobalt  -  Boron  -  Nitrogen  189 

29.  Ternary  systen  Niokel  -  Boron  -  Nitrogen  195 

30.  Ternary  systen  Rutheniun  -  Boron  -  Nitrogen  201 

31.  Ternary  systen  Copper  -  Boron  -  Nitrogen  208 

32.  Ternary  systen  Silver  -  Boron  -  Nitrogen  214 


S3.  Ternary  systea  Gold  -  Boron  -  Nitrogen  218 

34.  Ternary  systea  Zino  -  Boron  -  Nitrogen  222 

35.  Ternary  syeten  Cadniun  -  Boron  -  Nitrogen  226 

36.  Ternary  systea  AluBiniun-  Boron  -  Nitrogen  230 

37.  Ternary  systea  Indian  -  Boron  -  Nitrogen  238 

36.  Ternary  systea  Thalliun  -  Boron  -  Nitrogen  242 

39.  Ternary  systea  Tin  -  Boron  -  Nitrogen  246 

40.  Ternary  systea  Lead  -  Boron  -  Nitrogen  249 

41.  Ternary  systea  Antinony  -  Boron  -  Nitrogen  253 

42.  Ternary  systea  Bisauth  -  Boron  -  Nitrogen  256 


SYSTEM  BORON  -  LITHIUM  -  NITROGEN  ( B-Li-N ) 


INTRODUCTION  /  EXPERIMENTAL 

Information  on  phase  equilibria  and  compound  formation  in  the 
Li-B-N  system  is  due  to  [59Gou,  60Wen,  61Wen ,  66Kud ,  69DeV,  72Dev, 
86 Yam]  and  [8  Yam],  which  all  agree  on  the  existence  of  a  ternary 
compound  LiJBN^  with  several  pressure  modifications  (see  Table  1). 
Heating  powder  compacts  of  Li#N  +  BN  in  a  Mo-boat  in  a  stream  of 
nitrogen  between  650  to  700 °C  was  claimed  as  optimal  conditions  to 
obtain  LiJBN^  [59Gou,  69D#V],  the  reaction  being  strongly  exothermic 
C69DeV].  Melting  of  Li  BN  was  reported  at  870+5#C  C59Gou]. 

9  2 

Based  on  earlier  preliminary  data  by  [60Wen,  61Wen],  the  p-T 

diagram  of  Li^BN^  (Fig.l)  was  investigated  over  the  pressure  and 
temperature  range  from  1.0  to  6.5  GPa  and  300  to  1900° C  employing 

optical  and  X-ray  powder  diffraction  analysis  [69DeV,  72DeV].  All 

experiments  were  done  in  pyrophy 1 1 ite/Ta  cells  in  a  belt  apparatus 
where  pressure  was  applied  to  a  given  value  and  then  the  temperature 
was  raised  at  a  rate  of  400K/min;  temperature  and  pressure  were  held 
at  10  to  15  min  followed  by  quenching  in  ~  30  sec  with  the  pressure 
still  applied. 

BINARY  SYSTEMS 

No  equilibrium  diagram  is  available  for  the  Li-B  system;  however,  a 

series  of  lithium  borides  exist,  which  are  listed  in  Table  1.  For 

details  see  [84Mair,  890ke,  90Mas].  At  1450* C  Li  B  was  found  in 

•  t« 

equilibrium  with  /J-boron  [84Mai];  a  result,  which  casts  doubts  on  the 
•xistence  of  phases  such  as  LiB^  or  LiB,,,^  and  rather  suggests  an 
extended  solubility  of  Li  in  boron.  There  is  practically  no  solubility 
of  B  in  Li. 

Phase  equilibria  in  the  Li-Li#N  subsystem  are  given  in  [90Mas] 
revealing  Li#N  as  the  only  stable  phase;  crystal lographic  data  of  Li^N 
and  of  the  azide  LiN#  are  listed  in  Table  1.  Interstitial  solubility 
of  N  in  Li  is  very  low. 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Agreement  exists  on  the  structural  modification  of  Li  BN  obtained 

9  2 

under  108Pa  when  quenched  from  the  reaction  temperature  [59Gou,  69DeV, 
86Yam].  Slow  cooling  of  a  mixture  Li^N  +1.0  to  1.2  BN,  which  was 
first  heated  to  900° C,  kept  at  temperature  for  7h  and  cooled  to  700° C 
at  a  rate  of  1.5  to  3  K/h  in  a  stream  of  nitrogen,  resulted,  however, 
in  a  modification  C86Yam]  different  from  the  one  first  reported  by 
[59Gou]  (see  Table  1). 

Fig.l  reveals  the  formation  of  two  high  pressure  forms 
of  Li  BN  :  Li  BN  (I)  was  recognized  to  be  identical  with  the  phase 

S  2  •  2 

labelled  “complex"  by  [60Wen,  61Wen].  Reversibility  of  the  transition 

Li  BN  -  Li  BN  ( I )  was  not  established  when  held  at  550°C,  5.5  GPa  for 

•  282 

30  min,  whereas  partial  conversion  was  seen  when  Li  BN  (I)  was  heated 

9  2 

at  700°C  in  10s  Pa  of  N^  for  5h.  As  it  proved  unquenchable  [69DeV],  a 
layerlike  structure  was  suggested  for  Li^BN^  (II)  from  optical, 
mechanical  and  thermal  properties. 

The  section  Li^BN^  -  BN  has  been  investigated  by  C72DeV]  at  5.0  GPa 
and  was  reported  to  be  pseudobinary  revealing  a  eutectic  l  ==>-  Li^BN^ 
+  cBN  at  6  mol  XBN  at  1610?25°C  (Fig. 2).  As  the  upper  limit  of  the 
1+cBN  field  was  observed  at  1450T25°C,  a  possible  crystal  growth 
region  for  cBN  is  only  140®C,  however,  the  corresponding  liquidus  is 
unfavourably  steep.  At  1550°C  a  ternary  reaction  involving  cBN, 
LiJBN^(I),  a  boron  containing  phase  plus  liquid  was  observed;  this 
temperature  is  lower  than  the  first  appearance  of  melt  in  the 
LiJBN^-BN  section  (1610°C)  and  corresponds  to  the  lower  limit  of  cBN 
formation  from  the  reaction  Li+BN  [66Kud].  A  comparision  of  the 
favourable  pressure  temperature  conditions  for  the  production  of 
cBN  using  Li^N,  Mg#N^  or  Ca^N^,  is  shown  in  Fig. 3. 

MISCELLANEOUS 

Infrared  spectra  of  the  quenched  form  of  Li^BN^  were  interpreted  in 
terms  of  CN^B^N]*-  molecular  ions;  nearly  linear  [N=B“N]*~  groups  with 
B-N  double  bonds  were  observed  for  slowly  cooled  Li^BN^  [86Yam]. 

Li-ion  conductivity  of  a  polycristal line  sample  of  slowly  cooled 
LiJBN^  was  4.10”9  Sm-1  at  125°C  with  an  activation  energy  of  64kJ/mol 
C 85 Yam]. 
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Table  It  Solid  phases  in  the  system  B-Li-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  <°C) 

Prototype 

(  pm  ) 

f*-Li 

cI2 

a*  350.93 

[90Mas] 

ISO.  5 - 193° 

Im3m 

W 

a-Li 

hP2 

a=  311.1 

[90Mas] 

<-193° 

P6  /mmc 

s 

c=  509.3 

Mg 

ft-rhB 

hRlll 

a=1092. 51 

[85Vil] 

<2092° 

R3m 

c -2381.43 

C85Vii: 

ft-B 

o-rhB 

hR36 

a*  490.9 

[85Vil] 

<1200° 

R3m 

c=1258 . 2 

a-B 

LiB 

u 

tP* 

a=1016 

[890k a] 

- 

c-1428 

LiB 

it 

LiB* 

““ 

[890ka] 

tl  136 

a-1076.4 

[84Mai] 

I42d 

c«  894.7 

p^=2 . 214  Mgm 

Li  B 

S  14 

LiB 

4 

C*$ 

a-  720 

[890k a] 

Li  B 

«  19 

hP25 

a=  823.3 

[84Mai] 

P6/mmm 

c*  415.6 

p*m 1.706  Mgm 

Li  B 

a  ip 

LiB 

• 

tP16 

a«  597.8 

[84Mai] 

P4/mbm 

c*  418.8 

Li#B^  (CaB^-deriv. 

) 

Li®# 

- 

- 

[B90ka] 

fa*; 


L5 
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[890k* ] 


LiB 

t** 

a=1391 

- 

c=  815 

Li  B 

hRIO 

a=  493 

9  9 

Li  B 

R3m  or  I 43m 

Li  B 

9  9 

C** 

• 

Li  N 

hP4 

a=  364.8 

a 

815° 

P6/mmm 

c=  387.5 

LiN^ 

Li  N 

s 

mC8 

a=  562.7 

C2/m 

b=  331.9 

BN. 

hP» 

c=  497.9 

107.4® 

a=  250.4 

P6  /mmc 

8 

c=  666.1 

*  Li  BN 

a  a 

<870® 

Li  AIN 

*  Li  BN 

a  a 

a  a 

mP24 

a=  515.02 

P2  /c 

t 

b=  708.24 

Li  BN 

c=  679.08 

*  Li  BN  (I) 

a  a 

0=  112.956 

a  a 

>0.7  GPa 

- 

*  Li  BN  (II)  - 

•  x 

>2.5  GP* 


[890ka]  or  Li  B 

7 


[890k.  a] 

[85Vi 1 ] 


[85Vi  1  ] 


[85Vi  1  ] 


[59Gou]  at  10SPa, quench 

p  =1.755  Mgm-* 

•  xp 

[86Yam]  at  1C>  Pa,slow  c 

p  =1.74  Mgm“* 

*xp 


[61Wen ,  69DeV] 


[61Wen,  69DeV] 
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Temperature  , 


Fig. 2.  The  pseudobinary  section  Li#BN^  -  BN  at  5  GPa  (after  [72DeV]) 


Lt3BN2  20  40  60  80  BN 

Mol  7.  BN 
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SYSTEM  BORON  -  SODIUM  -  NITRO0EN  (B-Na-N) 


INTRODUCTION  /  EXPERIMENTAL 

A  black  powder  was  obtained  when  sodium  was  heated  with  BN  in 
sealed  quartz  capillaries  at  400°C  for  24h;  after  washing  in  ethanol 
the  product  was  dark  grey  revealing  new  low  angle  X-ray  peaks  which 
were  believed  to  correspond  to  intercalation;  the  formula  NaBN^  was 
obtained  from  chemical  analysis  [69Fre]. 

Hexagonal  boron  nitride  was  converted  to  cBN  with  sodium  at  1750°C 
and  9.3  GPa  [60Wen]. 


REFERENCES 

C60Wen]  R . H. Wentorf ,Jr . ,  "Abrasive  Material  and  Preparation  Thereof", 
US  Patent  2947617  GEC,  2. Aug.  (1960) 

[69Fre]  A. G. Freeman  and  3 . P.Larkindale,  "Evidence  for  the  Formation  of 
Boron  Nitride-Alkali  Metal  Intercalation  Compounds",  Inorg. 
Nucl.  Chem.  Lett.  5  (1969)  937-939 


Table  1:  Solid  phases  in  the  system  B-Na-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

(  pm  ) 

ft-Ua 

c  12 

a=  429.06 

C90Mas] 

97.86 - 233® 

Im3m 

W 

ot-Na 

hP2 

a=  376.7 

[90Mas] 

<-233° C 

P6  /mate 

3 

c=  615.4 

Mg 

/?-rhB 

hRlll 

a=1092. 51 

[85Vil] 

<2092° 

R3m 

c-2381.43 

[85Vil] 

ft-B 

or-rhB 

hR36 

a-  490.9 

C85ViU 

<1200° 

R3m 

c=1258 . 2 

a-B 

BN 

h«x 

hP* 

a=  250.4 

[85Vi 1 3 

P6  /mmc 

a 

c=  666.1 

BN 

hex 

*  NaBN 

IS 

- 

- 

[69Fre] 

BN  -intercalation 
h«x 


SYSTEM  BORON  -  POTASSIUM  -  NITROGEN  (B-K-N) 


INTRODUCTION  /  EXPERIMENTAL 

A  black  powder  was  obtained  when  potassium  was  heated  with  BN  in 
sealed  quarts  capillaries  at  300°C  for  24h;  after  washing  in  ethanol 
the  product  was  dark  grey  revealing  new  low  angle  X-ray  peaks  which 
were  believed  to  correspond  to  intercalation;  the  formula  KBN^  was 
obtained  from  chemical  analysis  [69Fre3. 

Hexagonal  boron  nitride  was  converted  to  cBN  with  potassium  at 
1700° C  and  9.5  GPa  [60Wen3. 

No  reaction  was  observed  when  potassiumamide  and  Bn  were  heated  in 
sealed  iron  containers  up  to  1200°C  [61Gou3. 


REFERENCES 

[60Wen3  R.H.Wentorf , Jr . ,  “Abrasive  Material  and  Preparation  Thereof", 
US  Patent  2947617  GEC,  2. August  (1960) 

C69Fre]  A. G. Freeman  and  J .P.Larkindale,  "Evidence  for  the  Formation  of 
Boron  Nitride-Alkali  Metal  Intercalation  Compounds",  Inorg. 
Nucl.  Chem.  Lett.  5  (1969)  937-939 
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Table  1:  Solid  phases  in 

the  system  B-K-N 

Phase  / 

Pearson  Symbol/  Lattice 

Comments 

Temperature 

Space  Group 

/  Parameters 

Range  ( °C ) 

Prototype 

(  pm  ) 

K 

c  12 

a=  532.1 

C90Mas] 

<63.71°C 

Im3m 

W 

/9-rhB 

hRlll 

a= 1092. 51 

[85Vi 1  ] 

<2092° 

R3m 

c=2381 .43 

[85Vi 1 ] 

ft-B 

ot-rhB 

hR36 

a=  490.9 

[85Vi 1 ] 

<1200° 

R3m 

c=1258 . 2 

cr-B 

BN 

h*x 

hP* 

a=  250.4 

C85Vil] 

P6a/mmc 

BN 

hex 

c=  666.1 

*  KBN 

is 

- 

- 

[69Fre] 

BN  -intercalation 
n#x 

12 


SYSTEM  BORON  -  MAGNESIUM  -  NITROGEN  (B-Mg-N) 


INTRODUCTION  /  EXPERIMENTAL 

Information  on  phase  equilibria  and  compound  formation  in  the 
Mg-B-N  system  is  due  to  [66Kud,  72Dev,  79Endl,  79End2,  81Sat,  81Ely, 
89Pik,  89Shi]  and  [89Hoh],  which  all  agree  on  the  existence  of  a 
ternary  compound  Mg^BN^  for  which  two  modifications  have  been  observed 
[81Ely,  89Pik,  89Hoh](see  Table  1). 

Based  on  preliminary  high  pressure  data  by  [AOWen,  66Kud,  67Fil] 
defining  the  minimum  temperature  for  the  formation  of  cBN  at  *V1700°C 
in  the  presence  of  magnesiumborides,  phase  relations  along  the  join  Mg 
-  Mg^B^N^  -  have  been  investigated  at  2.5  GPa  in  the  temperature 
range  from  800  to  1600° C  employing  DTA-,  optical  and  X-ray  powder 
diffraction  analysis  supported  by  conventional  quenching  techniques 
C79Endl,  79End2,  81End]  (see  Fig.l).  The  experiments  were  done  in 
pyrophyl lite/Ta  cells  in  a  belt  apparatus  where  pressure  was  applied 
to  a  given  value  and  then  the  temperature  was  raised  at  a  rate  of  200 
to  250fr-Ymin 5  temperature  and  pressure  were  held  fur  20  mxn  fallowed  by 
quenching  in  ~  30  sec  with  the  pressure  still  applied.  No  reaction  was 
found  between  Mg  and  BN  below  1100°C,  whereas  above  1150°C  yellow 
lath-like  plates  of  Mg^B^N^  and  magnesiumborides  MgB^,MgB^^,  M9B~12 
were  formed  C79Endl],  The  precipitation  of  hBN  from  the  eutectic 
liquid  was  observed  for  temperatures  higher  than  1300° C. 

BINARY  SYSTEMS 

A  tentative  equilibrium  diagram  for  the  Mg-B  system  is  given  in 
C90Mas],  revealing  the  formation  of  three  stable  magnesium  borides  , 
which  are  listed  in  Table  1.  There  is  practically  no  mutual  solid 
solubility  of  B  ,  Mg. 

No  phase  diagram  is  available  for  the  Mg-N  system.  For  Mg^N^  only 
the  a-modif ication  has  been  reported  C65E11]  (see  Table  1). 
Interstitial  solubility  of  N  in  Mg  is  very  low. 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


In  a  cursory  p-T  diagram  of  the  system  Mg^N^  -  BN  [BlEly]  showed 
the  ranges  of  existence  of  two  modifications  of  ct-Mg  B  N  (1000  to 
1450® C,  >  2GPa  ),  0-Mg#B#N4  (  >1600°C,  3.5  to  6  GPa)  with  an 
intermediate  two-phase  region  in  between.  The  X-ray  powder  pattern  as 
reported  by  [79Endl]  for  was  claimed  to  essentially  correspond 

to  this  two-phase  region  ot+Z^-Mg^B^N^  [81Ely].  The  existence  of  two 
modifications  of  Mg^B^N^  ,  however,  is  not  confirmed  by  [89Hoh]. 

At  2.5  GPa  Mg^B^N^  was  reported  to  melt  at  1489*5®C  C79Endl]  and  at 
1685*10° C  at  6.5  GPa  [B9Hoh] . 

Fig.l  reveals  the  phase  relations  in  two  subsystems  Mg  -  Mg  B  N 

9  2  4 

and  Mg  B  N  -  BN  which  at  2.5  GPa  were  shown  to  be  of  a  simple 

•  2  4 

eutectic  type  [79Endl].  I  ==  MgJB^N^  +  hBN  is  a^  1295*7° C  ,  2.5  GPa 

[79Endl]  and  at  1380*10°C  at  6.5  GPa  [89HohD. 

The  p— T  regions  of  cBN  in  the  systems  Mg-BN  and  Mg^N^— BN  were 
investigated  up  to  8  GPa  and  2300°C  [79End2,  BlSat] .  In  the  Mg-BN 

system  pressure  and  temperature  necessary  for  the  formation  of  cBN 
were  found  to  decrease  with  increasing  oxygen  content  of  the  starting 
hBN  material  C79End2]j  the  lower  limit  of  the  cBN  region  for  hBN  with 

1.9  mass7.0  is  ~13B0°C  at  6  to  8  GPa,  but  1700° C  at  6  GPa  for  hBN  with 

7.9  massXO.  In  the  Mg^N^  system  oxygen  had  little  effect  on  the  lower 
limits  of  pressure  and  temperature,  cBN-yields,  however,  deceased  with 
oxygen  contents  [81Sat]. 

Coexistence  of  Mg  B  N  and  Mg  BN  was  observed  within  the 

s  2  4  a  a 

low-temperature  cBN  region  [89Pik,  89Hoh]. 

A  comparision  of  the  favourable  pressure  temperature  conditions  for 
the  production  of  cBN  using  Li^N,  Mg^N^  or  Ca^N^,  is  shown  in  Fig. 3 
of  the  section  Li-B-N. 

MISCELLANEOUS 

Infrared  spectra  of  •¥,0>BtN4  formed  at  2.5  GPa  were  interpreted  in 
terms  of  [N“B“N]*“  molecular  ions  C79Endl].  Mg#B  N  slowly  decomposes 
in  moist  environment,  at  higher  temperatures  it  easily  oxidises  to 
C79Endl3. 


14 


The  influence  of  P  on  the  crystallization  kinetics  of  cBN  in  the 
MgB^-BN  system  has  been  studied  by  [89Shi]  at  5  GPa  and  1570  to 
1800°C;  0.1  to  0.5  massX  P  considerably  increase  the  nucleation  rate 
and  reduce  the  nucleation  energy. 
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Table  1:  Solid  phases  in  the  system  B-Mg-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

(  pm  ) 

Mg 

hP2 

a*  320.94 

[90Mas] 

650° 

P6  /mmc 

s 

c—  521.07 

Mg 

hRlll 

a=1092 . 51 

[85Vi 1 ] 

<2092° 

R3m 

c=23Sl .43 

[B5Vi 1 ] 

^-B 

a-rhB 

hR36 

a=  490.9 

[85Vil] 

<1200° 

R3m 

c»1258.2 

a-B 

MgB7 

oI64 

a=  597.0 

[85Vil ] 

<2300° 

Imma 

b=1048.0 

MgB? 

c«  812.5 

MgB^ 

oP20 

a=  546.4 

[BSVil] 

<1850° 

Pnma 

b«®  442.8 

MgB4 

MgB* 

hP3 

a™  308.4 

C85V11] 

<1550* 

P6/mmm 

c=  352.2 

A1B 

« 

fli-Mg^N^ 

cl  80 

a-  996.4 

C85Vil] 

<550° 

Ia3 

Mn  0 

16 


casvii] 


BN 


h«x 


hP* 

P6  /mmc 

a 


a*  250.4 
C«  666.1 


*  ct-Mg  BN 

•  S  4 

>2  GPa 

*  ft-hq  BN 
>3.5-6  GPa 

*  Mg  BN 

•  a 


CBlEly] 

[81Ely] 

[89Hoh3  at  6.5  GPa 
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* 


*  The  partial 


system  Mg-p-N 


(after  C79Endij) 


Temperature  *i 


SYSTEM  BORON  -  CALCIUM  -  NITROGEN  <B-Ca-N) 


INTRODUCTION  /  EXPERIMENTAL 

Information  on  phase  equilibria  and  compound  formation  in  the 
Ca-B-N  system  is  due  to  £  60Wen ,  61Gou,  72Dev,  BlEnd]  and  [83Sat], 
which  all  agree  on  the  existence  of  a  ternary  compound  Ca^B^N^  (see 
Table  1). 

Heating  powder  compacts  of  Ca^N^  +  BN  in  a  Mo-boat  in  a  stream  of 
nitrogen  between  800  to  1150°C  was  claimed  as  optimal  conditions  to 
obtain  Ca^B^N^  [61Gou,  72DeV] .  The  reaction  was  said  to  be  incomplete 
after  3h  at  800° C.  Melting  of  Ca  B  N  was  reported  at  1412+3° C  [81End 

•  S  4 

Based  on  preliminary  high  pressure  data  by  [60Wen]  defining  the 
minimum  temperature  for  the  formation  of  cBN  at  ~1300°C  and  6.9BPa, 

phase  relations  along  the  join  Ca  -  Ca  B  N  -  BN  have  been 

a  a  4 

investigated  at  2.5  GPa  in  the  temperature  range  from  800  to  1600° C 
employing  DTA-,  optical  and  X-ray  powder  diffraction  analysis 
supported  by  conventional  quenching  techniques  [81End,  B3Sat]  (see 
Fig.l).  The  experiments  were  done  in  pyrophyl lite/Ta  cells  in  a  belt 
apparatus  where  pressure  was  applied  to  a  given  value  and  then  the 
temperature  was  raised  at  a  rate  of  200  to  250K/min;  temperature  and 
pressure  were  held  for  20  min  followed  by  quenching  in  ~  30  sec  with 
the  pressure  still  applied.  Above  1150°C  ,  Ca^B^N^  was  formed  together 
with  small  amounts  of  Ca^N^  and  CaBtf  [81End].  The  low  temperature 
limit  of  the  precipitation  of  cBN  from  the  Ca  B  N  -melt  was  found  to 

•  X  4 

be  closely  related  to  the  Ca^B^N^  +  BN  eutectic  at  1316  T  6°C  [81End3. 
[83Sat]  studied  the  nucleation  and  growth  mechanism  of  cBN  crystals. 

BINARY  SYSTEMS 

A  tentative  equilibrium  diagram  for  the  Ca-B  system  is  suggested  in 
[90Mas],  revealing  the  formation  of  only  one  stable  calcium  boride, 
CaB  despite  there  seem  to  be  no  doubts  about  the  existence  of  CaB 

«  4 

C61Johj  ,  (see  Table  1).  There  is  practically  no  mutual  solid 
solubility  of  B  ,  Ca. 

Informations  on  the  Ca— N  phase  diagram  are  still  unsatisfactory;  a 
critical  assessment  is  due  to  [901 tkj.  Crystal lographic  data  are 
listed  in  Table  1.  Interstitial  solubility  of  N  in  Ca  is  very  low. 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


Fig.l  reveals  the  phase  relations  in  two  subsystems  Ca  -  CaJB  N^ 
and  -  BN  which  at  2.5  GPa  were  shown  to  be  of  a  simple 

eutectic  type  [81End3.  I  Ca#B^N^  +  hBN  is  at  1316?6°C  ,  2.5  GPa  and 
l  »  Ca  +  Ca^BJM^  is  at  1032*5° C  at  2.5  GPa  CBlEnd]  .  At  2.5  GPa 
Ca  B  was  reported  to  melt  at  1412*3®C  [81End]. 

The  p-T  regions  of  cBN  in  the  systems  Ca-BN  and  Ca^B^N^-BN  were 
investigated  up  to  6.5  GPa  and  1800°C  [81End,  83Sat]  and  found  to  be 
practically  identical.  According  to  the  composition  -temperature 
diagam  of  the  Ca^B^N^-BN  system  at  5.4GPa  (  see  Fig. 2)  ,  the  growth  of 
cBN  was  governed  by  the  solubility  difference  of  hBN  and  cBN  in  liquid 

Ca  B  N  -flux  [83Sat ] . 

S  *  4 

A  comparision  of  the  favourable  pressure  temperature  conditions  for 
the  production  of  cBN  using  Li#N,  Mg#N^  or  Ca^B^N^,  is  shown  in  Fig. 3 
of  the  section  Li-B-N. 

MISCELLANEOUS 

Infrared  spectra  of  Ca^B^N^  formed  at  2.5  GPa  were  interpreted  in 
terms  of  [N=B=N]*~  molecular  ions  C61Gou].  Ca  B  N  slowly  decomposes 

8  2  41 

in  moist  environment,  at  higher  temperatures  it  easily  oxidizes  to 
Ca  <B0  >  . 
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Table  Is  Solid  phases  in  the  system  B-Ca-N 


Phase  / 

Temperature 
Range  ( °C ) 

Pearson  Symbol/ 

Space  Group  / 

Prototype 

Lattice 

Parameters 

(  pm  ) 

Comments 

ft~Ca 

842-443° C 

c  12 

Im3m 

W 

a=  448.0 

C  90Mas ] 

or- Ca 

<443® C 

CF4 

Fm3m 

Cu 

a=  558.84 

C90Mas] 

ft-rhB 

hRlll 

a=1092. 51 

[85Vil] 

<2092° 

R3m 

ft-B 

c=2381 .43 

[85Vil] 

a-rhB 

<1200° 

hR36 

R3m 

ot-B 

a=  490.9 

c=1258 . 2 

[B5Vi 1 ] 

CaB 

4 

<• 

tP20 

P4/mbm 

UB 

4 

a=  711 

c=  411 

C61Joh] 

CaB 

a 

<2500° C 

CP7 

Pm3m 

CaB 

a 

a=  414.5 

C85Vil] 

Ca  N 
a 

hR3 

R3m 

Sm 

m** 

a=  363.8 

c=1878 

a=  753.5 

b=  363.8 

c=  629.9 

ft=  123.85° 

[85Vi 1 ] 

[68Lau] 

stabil.  by  H^? 

c  180 

Ia3 

Mn  0 

a  • 

a*1147.3 

[85VilD 

»“CV. 

o*40 

a«17B2 

b=*1136 

c=  358 

[85Vil] 

metastable? 

C90Itk]  at  4.6  GPa 


Ca#Na  (I)  ot*  a=  562. 5 


Ca  N 

it  • 

tP38 

b**1114. 

c**1361. 

a»1445 

P4  /mnm 
z 

c=  360 

CaN 

« 

Ca  N 

it  • 

oF56 

a=1132 

Fddd 

b«=1107 

BN 

h*x 

hP* 

c=  595 

a*  250.4 

P6  /mmc 

a 

c=  666.1 

BN 

h»x 

*  Ca  B  N 

•  24 

<1412°C  at  2.5  GPa 


C85V113 


[85Vi 1  ] 


C85V11] 


t61Gou]  p  =2 . 86Mqm 

•xp 
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Fig. Is  The  partial  system  Ca-B-N  (after  [aiEnd]) 


J 


Temperature 


Fig. 2s  Phase  equilibria  in  the  section 
(  after  C83Sat3) 


Mole  Percent 


BN  -  BN  at  5.4 

■  28 


GPa 


cBN 


SYSTEM  BORON  -  STRONTIUM  -  NITROBEN  (B-Sr-N) 


INTRODUCTION  /  EXPERIMENTAL 

No  phase  diagram  Sf — B-N  exists;  information  on  phase  relations  and 
compound  formation  is  due  to  [74Gau]  who  reported  on  the  existence  of 
a  ternary  compound  Sr^B^N^  from  X-ray  analysis  of  samples  reacted  at 
900° C  for  30  h  (see  Table  1). 

Preliminary  high  pressure  experiments  by  [60Wen]  reported  the 
formation  of  cBN  from  hBN  at  8.7  BPa  and~16000C  using  Sr-metal  as  a 
catalyst. 

BINARY  SYSTEMS 

A  tentative  equilibrium  diagram  for  the  Sr — B  system  is  given  in 
[90Mas],  revealing  the  formation  of  one  stable  strontium  boride,  SrB  , 
(see  Table  1).  There  is  practically  no  mutual  solid  solubility  of  B  , 
Sr. 

No  phase  diagram  is  available  for  the  Sr — N  system.  Crystal lographic 
data  are  listed  in  Table  1.  Interstitial  solubility  of  N  in  Sr  is 
very  low. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

The  X-ray  powder  pattern  as  reported  by  [74Gau]  for  ®rjB2N4  was 
claimed  to  essentially  correspond  to  the  one  of  Ca#B^N^  (isotypic?). 

MISCELLANEOUS 

Infrared  spectra  of  Sr#B#N^  were  interpreted  in  terms  of  [N=B=N] 
molecular  ions  [74Gau].  Br*B*N4  slowly  decomposes  in  moist 
environment,  at  higher  temperatures  it  easily  oxidizes  to  Sr^tBO^)^ 
[74Gau] . 
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(Amer.Soc .Met. Inti 


Table  Is  Solid  phases  in  the 

system  B-Sr — N 

Phase  / 

Temperature 
Range  ( °C ) 

Pearson  Symbol/ 

Space  Group  / 

Prototype 

Lattice 

Parameters 

(  pm  ) 

Comments 

ft— Sr 

c  12 

a=  487 

[90Mas] 

769-547° 

Im3m 

W 

a-Sr 

cF4 

a=  608.4 

[90Mas] 

<547°C 

Fm3m 

Cu 

ft-rUB 

hRlll 

a=1092. 51 

[85011] 

<2092° 

R3m 

c=2381 .43 

[85011] 

ft-B 

a-rhB 

hR36 

a=  490.9 

[B50il] 

<1200° 

R3m 

c=1258 . 2 

ot-B 

SrB 

<» 

cP7 

a=  419.84 

[85011] 

<2500° C 

Pm3m 

CaB 

a 

Sr  N 

z 

hR3 

a=  724.6 

[85Vil ] 

R3m 

of  30.8° 

Sm 

m  t  ^ 

a=  719 

[70Gau] 

b=  385 
c=  665 
ft*  108® 


Sr  N 

a  z 

hP* 

[BSVil] 

<1030° 

Ba  N 

a  z 

SrN 

a 

oF56 

a=1180.B8 

[85Vi 1 ] 

Fddd 

b*1153 . 43 

c*=611 .62 

BNh.z 

hP* 

a»  250.4 

[B5Vil] 

P64/mmc 

BNh~ 

C«  666.1 

*  8r,BtN4 

— 

[74Gau]  p  «3.72Mgm 

•  »cp 

SYSTEM  BORON  -  BARIUM  ••  NITROGEN  (B-Ba-N) 


INTRODUCTION  /  EXPERIMENTAL 

No  phase  diagram  Ba-B-N  exists;  information  on  phase  relations  and 
compound  formation  is  due  to  [61Gou]|  who  reported  on  the  existence  of 
a  ternary  compound  Ba^B^N^  from  X-.ray  analysis  of  powder  compacts  of 
Ba^N^+BN  which  have  been  reacted  in  a  sealed  quarts  capillary  for  3  h 
at  700  to  900° C  (see  Table  1). 

Preliminary  high  pressure  experiments  by  C60Wen]  reported  the 
formation  of  cBN  from  hBN  at  8.0  to  8.7  GPa  and  '''1600  to  1700° C  using 
Ba-metal  as  a  catalyst. 

BINARY  SYSTEMS 

A  tentative  equilibrium  diagram  for  the  Ba-B  system  is  given  in 
[90MasJ,  revealing  the  formation  of  one  stable  barium  boride,  BaB  , 

<5 

(see  Table  1).  There  is  practically  no  mutual  solid  solubility  of  B  , 
Ba. 

No  phase  diagram  is  available  for  the  Ba-N  system.  Crystal lographic 
data  are  listed  in  Table  1.  Interstitial  solubility  of  N  in  Ba  is 
very  low. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

The  X-ray  powder  pattern  as  reported  by  [61Gou]  for  BaJB^N^  was 
claimed  to  essentially  correspond  to  the  one  of  BaJB^N^  (isotypic?). 

MISCELLANEOUS 

Infrared  spectra  of  Ba^B^N^  were  interpreted  in  terms  of  [N=B=ND* 
molecular  ions  C61Gou].  BaJB^N^  slowly  decomposes  in  moist 
environment,  at  higher  temperatures  it  easily  oxidizes  to  Ba  (B0  ) 

9  9  Z 

[61Gou] . 
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Table  It  Solid  phases  in  the  system  B-Ba-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

(  pm  ) 

Ba 

c  12 

a=  501.3 

C90Mas] 

<727® 

Im3m 

W 

hRili 

a=1092. 51 

C85Vil] 

<2092° 

R3m 

c*2381.43 

[BSVil] 

a-rhB 

hR36 

a=  490.9 

CBSVil] 

<1200° 

R3m 

c=1258 . 2 

ct-B 

BaB 

a 

cP7 

a—  426 . B 

[85Vil } 

<2500° C 

Pm3m 

CaB 

a 

Ba  N 

•  2 

hP* 

a=  522 

[85Vil] 

Ba  N 

9  2 

c=  550 

BaN 

a 

mP14 

a=  959 

[85Vil D 

P2  /m 

t 

b»  439 

BaN 

a 

c=  542 

fl*99.7° 

BN 

hP* 

a=  250.4 

[85Vi 1 ] 

P6#/mmc 

c=*  666.1 

*  Ba  B  N 

9  2  4 


[61Gou] 


SYSTEM  BORON  -  SCANDIUM  -  NITROGEN 


(B  -  Sc  -  N) 


INTRODUCTION  /  EXPERIMENTAL 


Phase  equilibria  in  the  B-Sc-N  system  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  and  of  prealloyed 
binary  borides,  which  prior  to  use  were  crushed  to  a  particle  size 
smaller  than  20*im  in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively 
[91Kle].  For  annealing  the  samples  were  kept  on  a  hex-BN  substrate 
within  a  molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in 
a  1  MHz— HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-N^  )  usually  consisted 
of  a  primary  reaction  at  12C>0OC  for  90h  followed  by  a  final  reaction 
at  1400°C  for  90h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  Temperatures  were  monitored  by 
calibrated  microoptical  pyrometry  and  after  heat  treatment  all  samples 
were  radiation  cooled.  Due  to  the  pronounced  instability  of  the  binary 
metal  nitride  with  respect  to  rapid  hydrolysis  in  moist  environment, 
all  handling  of  the  specimens  was  done  in  an  argon  filled  glove  box 
system  ensuring  an  oxygen  level  of  less  than  2  ppm  and  <  4  ppm  H^O. 
Starting  materials  were  ingots  of  3N-Sc , crystal  1  ized  boron  (99. S  “/.  B), 
and  hexagonal  boron  nitride  of  99  V.  nominal  purity,  which  prior  to  use 
was  outgassed  in  high  vacuum  at  1400°C.  Binary  boride  master  alloys 
were  prepared  by  arc  melting  the  elements  together  on  a  water  cooled 
copper  hearth  [91Kle]. 


BINARY  SYSTEMS 

A  recent  reinvestigation  [B9Rem]  of  the  B-Sc  system  revealed 
consistency  with  the  data  available  in  [76Spe],  [84Vil3  and  [90Mas]; 
see  Table  1.  A  critical  assessment  is  due  to  C90Spe].  The  solubility 
of  B  in  Sc  is  negligible  [90Spe]j  the  maximum  solubility  of  Sc  in  ft-B 
is  close  to  ScBm  [78Cal]. 

No  equilibrium  diagram  exists  for  the  N-Sc  system  and  solid 
solubility  of  N  in  Sc  is  said  to  be  small;  a  comprehensive  discussion 
of  all  reported  information  has  been  given  by  C78Fro].  At  normal 
pressure  ScN  is  the  only  stable  nitride  [72Kie]  (Table  1). 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


Fig.l  represents  the  isothermal  section  at  1400°C  under  i  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  [91Kle].  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  the  formation  of  a  three-phase  equilibrium  ScN  +  ScB^  +  BN.  Thus 
there  is  no  compatibility  between  (Sc)  and  BN.  As  seen  from  a 
comparision  of  the  unit  cell  dimensions  there  is  no  significant  solid 
solubility  of  Sc  in  BN  at  1400°C,  and  mutual  solubilities  of  the  rare 
earth  borides,  the  rare  earth  nitride  and  BN  are  rather  restricted 
[91Kle]. 

No  signs  of  compound  formation  at  higher  nitrogen  contents  were 
observed  [91Kle]  from  heat  treatments  under  i  bar  of  N^  at  1400°C 
(lOOh)  and  at  1800°C  (20h)  respectively  :  in  both  cases  the  limiting 
tie  line  reported  was  ScN  +  BN  +  N^. 

THERMODYNAMICS 

A  thermodynamic  modelling  of  the  binary  system  Sc-B  is  due  to 
C90Spe];  see  Table  2. 
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Table  1:  Solid  phases  at  1400 °C  in  the  systems  B  -  Sc  -  N 


Phase  / 

Temperature 
Range  (°C) 

Pearson  Symbol/ 

Space  Group  / 

Prototype 

Lattice 

Parameters 

<  pm  ) 

Comments 

ft-Sc 

cI2 

a=  454.1 

C  90Mas ] 

1541-1337® 

Im3m 

M 

a-Sc 

hP2 

a=  330.88 

[90Mas] 

<1337® 

P6.T/mmc 

c=  526.80 

Mg 

(b-rhB 

hRlll 

a=1092. 51 

[7BCal] 

<2092® 

R3m 

c=2381 .43 

p-B 

a=1096 . 58  [78Cai:  for  ScB 

20 

c=2408.75 


ScB 

2 

hP3 

a= 

314.  B 

C85V11] 

<2250® 

P6/mmm 

c= 

351.6 

A1B 

2 

ScB 

t2 

1 126 

a* 

523.47 

[7BCal] 

<2040® 

I4/mmm 

c  = 

735.83 

ScB 

12 

ScN 

cF8 

a= 

450.5 

[85Vi 1 ] 

Fm3m 

NaCl 

BN 

h*M 

hP* 

a* 

250.4 

[85Vi 1 ] 

P6  /mmc 

a 

c- 

666.1 

BNh~ 

i 


t 


i 

i 
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Table  2s  Thermodynamic  data  for  the  system  Sc-B  (after  [90Spe]) 


Phase 

AfG  (  J /grama tom  ) 

Ref. 

1.0000 

Sc 

A.  G(Sc ) 

fua 

=  18110-10.273  T 

[90Spe] 

1.0000 

B 

A,  G(B) 
fua 

«  50210-21.23  T 

1.0000 

oGc 

AfG  ( otSc ) 

=  0 

1.0000 

ftSc 

AfG  ( ftSc ) 

=  4010-2.495  T 

0.3333 

ScB 

2 

AfG(ScB2) 

— -102330+5 . 0  T 

0.0769 

ScB 

12 

AfG(ScB^) 

<=-36980+2.0  T 

1.0000 

(JB 

AG  (ft B) 

«  0 

Liquid 

A  G#*=  x(l-x){ -177050-34. 9  T  + 

(-3335+68.9  T  ) ( l-2x ) } 
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Fig.i:  Isothermal  section  of  the  system  B  -  Sc  -N  at  1400°C  under 
1  bar  of  argon  (  in  the  absense  of  external  nitrogen  ) . 


SYSTEM  BORON  -  YTTRIUM  -  NITROGEN  (B-Y-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Y-N  system  have  been  established  from 
room  temperature  X— ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  and  of  prealloyed 
binary  borides,  which  prior  to  use  were  crushed  to  a  particle  size 
smaller  than  20/um  in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively 
[91Kle].  For  annealing  the  samples  were  kept  on  a  hex-BN  substrate 
within  a  molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in 
a  1  MHz— HF  furnace  (  under  1  bar  of  5N-Ar  or  SN-N^  )  usually  consisted 
of  a  primary  reaction  at  1200°C  for  90h  followed  by  a  final  reaction 
at  1400°C  for  90h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  Temperatures  were  monitored  by 
calibrated  microoptical  pyrometry  and  after  heat  treatment  all  samples 
were  radiation  cooled.  Due  to  the  pronounced  instability  of  the  binary 
metal  nitride  with  respect  to  rapid  hydrolysis  in  moist  environment, 
all  handling  of  the  specimens  was  done  in  an  argon  filled  glove  box 

system  ensuring  an  oxygen  level  of  less  than  2  ppm  0  and  <  4  ppm  H  □. 

2  2 

Starting  materials  were  ingots  of  3N-Y,  crystallized  boron  (99.8  ’/.  B), 
and  hexagonal  boron  nitride  of  99  V.  nominal  purity,  which  prior  to  use 
was  outgassed  in  high  vacuum  at  1400 °C.  Binary  boride  master  alloys 
were  prepared  by  arc  melting  the  elements  together  on  a  water  cooled 
copper  hearth  [91Kle]. 

BINARY  SYSTEMS 

A  recent  reinvestigation  [89Rem]  of  the  B-Y  system  revealed 
consistency  with  the  data  available  in  [76Spe3,  C84VilD  and 
[90Mas];  see  Table  1. 

A  tentative  equilibrium  diagram  for  the  yttrium-rich  region  of  the 
system  N-Y  is  given  by  C74Car]j  the  solid  solubility  of  N  in  Y  was 
claimed  to  be  3  atJC  N  at  the  temperature  of  the  peri  tec  toid  formation 
of  a-Y  from  /9-Y  +  YN  (  1490°)  [74Car].  a  comprehensive  discussion  of 
all  reported  information  has  been  given  by  [78Fro].  At  normal  pressure 
YN  is  the  only  stable  nitride  (see  Table  1);  at  higher  nitrogen 
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pressure  Y  N  with  the  Mn  0  -type  (cl BO  -  Ia3  )has  been  reported 

2  2“ X  2  8 

[72Kie]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  1400°C  under  1  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  [91Kle].  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  the  formation  of  a  three-phase  equilibrium  YN  +  YB^  +  BN.  Thus 
there  is  no  compatibility  between  (Y)  and  BN.  As  seen  from  a 
comparision  of  the  unit  cell  dimensions  there  is  no  significant  solid 
solubility  of  Y  in  BN  at  14C>0°C,  and  mutual  solubilities  of  the  rare 
earth  borides,  the  rare  earth  nitride  and  BN  are  rather  restricted 
[91Kle3. 

No  signs  of  compound  formation  at  higher  nitrogen  contents  were 
observed  [91Kle]  from  heat  treatments  under  1  bar  of  N^  at  1400°C 
(lOOh)  and  at  1800°C  <20h)  respectively  :in  both  cases  the  limiting 
tie  line  reported  was  YN  -*•  BN  . 
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Table  1:  Solid  phases  at  1400°C  in  the  system  B-Y-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

(  pm  ) 

a-Y 

hP2 

a=  364.82 

[86Mas] 

<1478° 

P6  /mmc 

s 

c=  573.18 

Mg 

f?-rhB 

hRlll 

a=1092. 51 

[85Vi 1 ] 

<2092° 

R3m 

c =238 1.43 

[B5Vil ] 

ft-B 

YB 

z 

hP3 

a=  328.9 

[85011] 

<2100° 

P6/mmm 

c=  384.3 

A1B 

2 

YB 

4 

tP20 

a=  711.1 

[85011] 

<2800° 

P4/mbm 

c=  401.7 

ThB 

4 

YB 

0 

cP7 

a=  412.8 

[85011] 

<2600° 

Pm3m 

CaB 

0 

YB 

12 

CF52 

a=  746 

[850il] 

<2200° 

Fm3m 

UB 

12 

YB 

00 

CF1608 

a=2344 

[85Vi 1 3 

<2100® 

Fm3c 

YB 

00 

YN 

cFB 

a=  487.8 

[850i 1 ] 

Fm3m 


NaCl 

BN  hP*  a=  250.4  [85VilD 

n#x 

P6  /mmc 

■ 


BN 


h«K 


c  —  666.1 


SYSTEM  BORON-  TERBIUM-  NITROGEN  (B-Tb-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Tb-N  system  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  and  of  prealloyed 
binary  borides,  which  prior  to  use  were  crushed  to  a  particle  size 
smaller  than  20^im  in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively 
[91Kle3.  For  annealing  the  samples  were  kept  on  a  hex-BN  substrate 
within  a  molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in 
a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-N^  )  usually  consisted 
of  a  primary  reaction  at  1200°C  for  90h  followed  by  a  final  reaction 
at  1400°C  for  90h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  Temperatures  were  monitored  by 
calibrated  microoptical  pyrometry  and  after  heat  treatment  all  samples 
were  radiation  cooled.  Due  to  the  pronounced  instability  of  the  binary 
metal  nitride  with  respect  to  rapid  hydrolysis  in  moist  environment, 
all  handling  of  the  specimens  was  done  in  an  argon  filled  glove  box 
system  ensuring  an  oxygen  level  of  less  than  2  ppm  0^  and  <  4  ppm  H^O. 
Starting  materials  were  ingots  of  3N-Tb , crystal  1  ized  boron  (99.8  '/.  B)  , 
and  hexagonal  boron  nitride  of  99  nominal  purity,  which  prior  to  use 
was  outgassed  in  high  vacuum  at  1400°C.  Binary  boride  master  alloys 
were  prepared  by  arc  melting  the  elements  together  on  a  water  cooled 
copper  hearth  [90Kle]. 

BINARY  SYSTEMS 

A  recent  reinvestigation  [89Rem]  of  the  B-Tb  system  revealed 
consistency  with  the  data  available  in  C76Spe ,90Lia]  and  [90Mas3;  see 
Table  1.  Mutual  solid  solubilities  are  expected  to  be  negligible. 

No  equilibrium  diagram  exists  for  the  N-Tb  system  and  solid 
solubility  of  N  in  Tb  is  said  to  be  small;  a  comprehensive  discussion 
of  all  reported  information  has  been  given  by  [78Fro].  At  normal 
pressure  TbN  is  the  only  stable  nitride  (see  Table  1);  at  higher 
nitrogen  pressure  Tb  N  _  with  the  Mn  0  -type  (cIBO  -  Ia3,  a=1066  pm  ) 
has  been  reported  [72Kie]. 


SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


Fig.l  represents  the  isothermal  section  at  1400°C  under  1  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  [91Kle].  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  the  formation  of  a  three-phase  equilibrium  TbN  +  TbB  +  BN.  Thus 
there  is  no  compatibility  between  (Tb)  and  BN.  As  seen  from  a 
comparision  of  the  unit  cell  dimensions  there  is  no  significant  solid 
solubility  of  Tb  in  BN  at  1400°C,  and  mutual  solubilities  of  the  rare 
earth  borides,  the  rare  earth  nitride  and  BN  are  rather  restricted 
C91Kle] . 

No  signs  of  compound  formation  at  higher  nitrogen  contents  were 

observed  [91Kle]  from  heat  treatments  under  1  bar  of  N  at  1400°C 

2 

(100h)  and  at  1800°C  (20h)  respectively  :  in  both  cases  the  limiting 
tie  line  reported  was  TbN  +  BN  . 
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Table  Is  Solid  phases  at  1400 °C  in  the  system  B-Tb-N 


Phase  / 

Pea  rson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

(  pm  ) 

ft-Tb 

c  12 

a=  402 

[86Mas3 

1356—1289° 

Im3m 

W 

ft-rhB 

hRlll 

a= 1092. 51 

[850i 1 3 

<2092° 

R3m 

c=2381 .43 

[850i 1 ] 

ft-B 

TbBz 

hP3 

a-  329.0 

[850113 

<2100° 

P6/mmm 

c=  387.8 

AIB^ 

TbB4 

tP20 

a-  712.0 

[850113 

<2600° 

P4/mbm 

c—  404.2 

ThB 

4 

TbB«, 

cP7 

a=  410.0 

[850i 1 3 

<2340° 

Pm3m 

CaB 

0 

TbBl* 

cF52 

a=  750.7 

[850i 1 3 

<2200° 

Fm3m 

UB 

12 

TbB 

00 

CF1608 

a=2345 . 7 

[850i 1 3 

<2100° 

Fm3c 

YB 

00 

TbN 

cFS 

a*  493.6 

[850H3 

Fm3m 

NaCl 

BN 

hmx 

hP* 

a-  250.4 

[850113 

P62/mmc 

BN 

h*x 

c=  666.1 

46 


Fig.l:  Isothermal  section  of  the  system  B  -  Tb  -N  at  1400 °C  under 
1  bar  of  argon  <  in  the  absence  of  external  nitrogen  ). 


Tb  20  *°  «0TbB2  TbB<TbB6/  TbB66 

Atom  Percent  Boron  TbB|2  B 


SYSTEM  BORON-  DYSPROSIUM-  NITROGEN  (B-Dy-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Dy-N  system  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  and  of  prealloyed 
binary  borides,  which  prior  to  use  were  crushed  to  a  particle  size 
smaller  than  2C>Mm  in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively 
[91Kle].  For  annealing  the  samples  were  kept  on  a  hex-BN  substrate 
within  a  molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in 
a  1  MHz— HF  furnace  (  under  1  bar  of  9N-Ar  or  5N-N^  )  usually  consisted 
of  a  primary  reaction  at  1200°C  for  90h  followed  by  a  final  reaction 
at  1400°C  for  90h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  Temperatures  were  monitored  by 
calibrated  microoptical  pyrometry  and  after  heat  treatment  all  samples 
were  radiation  cooled.  Due  to  the  pronounced  instability  of  the  binary 
metal  nitride  with  respect  to  rapid  hydrolysis  in  moist  environment, 
all  handling  of  the  specimens  was  done  in  an  argon  filled  glove  bo:: 
system  ensuring  an  oxygen  level  of  less  than  2  ppm  0^  and  <  4  ppm  H^O. 
Starting  materials  were  ingots  of  3N-Dy, crystal  lized  boron  (99. B  '/.  B), 
and  hexagonal  boron  nitride  of  99  V.  nominal  purity,  which  prior  to  use 
was  outgassed  in  high  vacuum  at  1400°C.  Binary  boride  master  alloys 
were  prepared  by  arc  melting  the  elements  together  on  a  water  cooled 
copper  hearth  [91Kle]. 

BINARY  SYSTEMS 

A  recent  reinvestigation  [89Rem]  of  the  B-Dy  system  revealed 
consistency  with  the  data  available  in  [76Spe],  [84Vil]  and  [90Mas3; 
see  Table  1.  Mutual  solid  solubilities  are  expected  to  be  negligible. 

No  equilibrium  diagram  exists  for  the  N-Dy  system  and  solid 
solubility  of  N  in  Dy  is  said  to  be  small;  a  comprehensive  discussion 
of  all  reported  information  has  been  given  by  [78Fro3.  At  normal 
pressure  DyN  is  the  only  stable  nitride  (see  Table  1);  at  higher 
nitrogen  pressure  Dy  N  with  the  Mn^O^-type  (cI80  -  Ia3,  a=105B  pm  ) 
has  been  reported  C72Kie]. 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


o 

Fig.l'  represents  the  isothermal  section  at  1400  C  under  i  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  [91Kle3.  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  the  formation  of  a  three-phase  equilibrium  DyN  +  DyB^  +  BN.  Thus 
there  is  no  compatibility  between  (Dy)  and  BN.  As  seen  from  a 
comparision  of  the  unit  cell  dimensions  there  is  no  significant  solid 
solubility  of  Dy  in  BN  at  1400°C,  and  mutual  solubilities  of  the  rare 
earth  borides,  the  rare  earth  nitride  and  BN  are  rather  restricted 
[91Kle3 • 

No  signs  of  compound  formation  at  higher  nitrogen  contents  were 

observed  [91Kle]  from  heat  treatments  under  1  bar  of  N  at  1400°C 

z 

(lOOh)  and  at  1800°C  (20h)  respectively  :  in  both  cases  the  limiting 
tie  line  reported  was  DyN  +  BN  . 
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Table  is  Solid  phases  at  1400°C  in  the  system  B-Dy-N 


! 

/ 

i 


Phase  /  Pearson  Symbol/  Lattice 

Temperature  Space  Group  /  Parameters 

Range  (°C)  Prototype  (  pm  ) 


Comments 


^-Dy 

cI2 

a=  398 

[90Mas] 

1409-1381° 

Im3m 

W 

0-rhB 

hRlll 

a =1092 . 51 

[85011] 

<2092° 

R3m 

c=2381 .43 

[85011] 

ft-B 

DyB2 

hP3 

a=  328.7 

[85011] 

<2100° 

P6/mmm 

c=  384.5 

A1B 

2 

DyB^ 

tP20 

a=  702.1 

[85011] 

<2500° 

P4/mbm 

c=  397.2 

ThB 

4 

DyB 

o 

cP7 

a=  409.8 

[BSOi 1 ] 

<2200° 

Pm3m 

CaB 

a 

DyB 

12 

cF52 

a=  749.9 

[85011] 

<2100° 

Fm3m 

UB 

12 

CF1608 

a=2344.1 

[85011] 

<2025° 

Fm3c 

YB 

M 

DyN 

cFS 

a=  493.6 

[850i 1 ] 

Fm3m 

NaCl 

BN 

hex 

hP» 

a*  250.4 

[85011] 

P6a/mmc 

BNh.x 

c=  666.1 

kL 
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Isothermal  section  of  the  system  B  -  Dy  -N  at  1400  C  under 
1  bar  of  argon  (  in  the  absence  of  external  nitrogen  ) . 


N 


SYSTEM  BORON-  HOLMIUM-  NITROSEN  (B-Ho-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Ho-N  system  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  and  of  prealloyed 

binary  borides,  which  prior  to  use  were  crushed  to  a  particle  size 

smaller  than  20pm  in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively 
[91Kle3.  For  annealing  the  samples  were  kept  on  a  hex-BN  substrate 
within  a  molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in 
a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  SN-N^  )  usually  consisted 
of  a  primary  reaction  at  1200°C  for  90h  followed  by  a  final  reaction 

at  1400°C  for  90h  with  an  intermediate  step  of  crushing  and 

recompacting  to  ensure  homogeneity.  Temperatures  were  monitored  by 
calibrated  microoptical  pyrometry  and  after  heat  treatment  all  samples 
were  radiation  cooled,  ue  to  the  pronounced  instability  of  the  binary 
metal  nitride  with  respect  to  rapid  hydrolysis  in  moist  environment, 
all  handling  of  the  specimens  was  done  in  an  argon  filled  glove  box 

system  ensuring  an  oxygen  level  of  less  than  2  ppm  0^  and  <  4  ppm  H^O. 

Starting  materials  were  ingots  of  3N-Y,  crystallized  boron  (99.8  */.  B), 
and  hexagonal  boron  nitride  of  99  7.  nominal  purity,  which  prior  to  use 
was  outgassed  in  high  vacuum  at  1400°C.  Binary  boride  master  alloys 
were  prepared  by  arc  melting  the  elements  together  on  a  water  cooled 
copper  hearth  [91Kle]. 

BINARY  SYSTEMS 

A  recent  reinvestigation  [B9RemD  of  the  B-Ho  system  revealed 
consistency  with  the  data  available  in  [76Spe],  [84Vil]  and  [90MasJ; 
see  Table  1.  Mutual  solid  solubilities  are  expected  to  be  negligible. 
HoB  has  been  found  to  be  unstable  below  1450°C  [89Rem]. 

No  equilibrium  diagram  exists  for  the  N-Ho  system  and  solid 

solubility  of  N  in  Ho  is  said  to  be  small;  a  comprehensive  discussion 

of  all  reported  information  has  been  given  by  [78Fro].  At  normal 
pressure  HoN  is  the  only  stable  nitride  (see  Table  1),  at  higher 
nitrogen  pressure  HojNa_x  with  the  Mn^Q^-type  (cI80  -  Ia3,  a=1056  pm  ) 
has  been  reported  [72Kie]. 
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Fig.l  represents  the  isothermal  section  at  1400°C  under  1  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  [91Kle].  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  the  formation  of  a  three-phase  equilibrium  HoN  +  HoB^  +  BN.  Thus 
there  is  no  compatibi 1 ity  between  (Ho)  and  BN.  As  seen  from  a 
comparision  of  the  unit  cell  dimensions  there  is  no  significant  solid 
solubility  of  Ho  in  BN  at  1400°C,  and  mutual  solubilities  of  the  rare 
earth  borides,  the  rare  earth  nitride  and  BN  are  rather  restricted 
[91Kle] . 

No  signs  of  compound  formation  at  higher  nitrogen  contents  were 
observed  [91Kle]  from  heat  treatments  under  1  bar  of  N  at  1400°C 
(lOOh)  and  at  1800°C  (20h)  respectively  :  in  both  cases  the  limiting 
tie  line  reported  was  HoN  +  BN  . 
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Table  Is  Solid  phases  at  1400°C  in  the  system  B-Ho-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  ( °C ) 

Prototype 

(  pm  ) 

Ho 

hP2 

a=  357.78 

[90Mas] 

<1470° 

P6  /mmc 

8 

c=  561.78 

Mg 

^3-rhB 

hRlll 

a=1092. 51 

[85Vil] 

<2092° 

R3m 

c =238 1.43 

[85Vi 1 ] 

HoB 

2 

hP3 

a—  327 • 3 

[85Vil] 

<2200° 

P6/mmm 

c—  381.4 

A1B 

2 

HoB 

4 

tP20 

a=  7 08 • 7 

[85Vil ] 

<2500° 

P4/mbm 

c=  400.8 

ThB 

4 

HoB 

cF52 

a=  749.1 

[85Vil  ] 

2100° 

Fm3m 

UB 

12 

HoB 

00 

cF1608 

a=2344 . 1 

[BSVin 

<2025° 

Fm3c 

YB 

00 

HoN 

cF8 

a=  487.7 

[85Vi 1 ] 

Fm3m 

NaCl 

BN 

h«x 

hP* 

a=  250.4 

[85Vi 1 ] 

P6  /mmc 

8 

C=  666.1 

Isothermal  section  of  the  system  E  -  Ho  -N  at  1400°C  under 
1  bar  of  argon  (  in  the  absense  of  external  nitrogen  ) . 


AO  60HoB2  H0B4  HoBt2HoB$6 

Atom  Percent  Boron  B 


SYSTEM  BORON-  ERBIUM-  NITROGEN  (B-Er-N) 


INTRODUCTION  /  EXPERIMENTAL 


Phase  equilibria  in  the  B-Et — N  system  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  and  of  prealloyed 
binary  borides,  which  prior  to  use  were  crushed  to  a  particle  sice 
smaller  than  20^/m  in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively 
[91Kle].  For  annealing  the  samples  were  kept  on  a  hex-BN  substrate 
within  a  molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in 

a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-N  )  usually  consisted 

2 

of  a  primary  reaction  at  1200°C  for  9C»h  followed  by  a  final  reaction 
at  1400°C  for  90h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  Temperatures  were  monitored  by 
calibrated  microoptical  pyrometry  and  after  heat  treatment  all  samples 
were  radiation  cooled.  Due  to  the  pronounced  instability  of  the  binary 
metal  nitride  with  respect  to  rapid  hydrolysis  in  moist  environment, 
all  handling  of  the  specimens  was  done  in  an  argon  filled  glove  box 
system  ensuring  an  oxygen  level  of  less  than  2  ppm  0^  and  <  4  ppm  H^O . 
Starting  materials  were  ingots  of  3N-Er,  crystallized  boron  (99.8  7. 
B),  and  hexagonal  boron  nitride  of  99  7.  nominal  purity,  which  prior  to 
use  was  outgassed  in  high  vacuum  at  1400°C.  Binary  boride  master 
alloys  were  prepared  by  arc  melting  the  elements  together  on  a  water 
cooled  copper  hearth  [91KleD. 


BINARY  SYSTEMS 

A  recent  reinvestigation  C89Rem]  of  the  B-Er  system  revealed 
consistency  with  the  data  available  in  [76Spe],  C84Vil]  and  [90Mas]; 
see  Table  1.  Mutual  solid  solubilities  are  expected  to  be  negligible. 

No  equilibrium  diagram  exists  for  the  N-Er  system  and  solid 
solubility  of  N  in  Er  is  said  to  be  small;  a  comprehensive  discussion 
of  all  reported  information  has  been  given  by  [78Fro3.  At  normal 
pressure  ErN  is  the  only  stable  nitride  (see  Table  1),  at  higher 
nitrogen  pressure  Er^N^^  with  the  Mn^Q^-type  (cI80  -  Ia3)  has  been 
reported  [72Kie3. 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  1400°C  under  1  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  [91Kle}.  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  the  formation  of  a  three-phase  equilibrium  ErN  +  ErB  +  BN.  Thus 
there  is  no  compatibility  between  (Er)  and  BN.  As  seen  from  a 
comparision  of  the  unit  cell  dimensions  there  is  no  significant  solid 
solubility  of  Er  in  BN  at  1400°C,  and  mutual  solubilities  of  the  rare 
earth  borides,  the  rare  earth  nitride  and  BN  are  rather  restricted 
[91Kle] . 

No  signs  of  compound  formation  at  higher  nitrogen  contents  were 
observed  C91fc.le]  from  heat  treatments  under  1  bar  of  N^  at  1400°C 
(lOOh)  and  at  1800°C  (20h)  respectively  sin  both  cases  the  limiting 
tie  line  reported  was  ErN  +  BN  . 
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Table  1*  Solid  phases  at  1400°C  in  the  system  B-Er-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

(  pm  ) 

Er 

hP2 

a=  355.92 

[90Mas] 

<1522° 

P6  /dime 

• 

C—  558.50 

Mg 

ft-rbh 

hRlll 

a=1092.51 

[850i 1 ] 

<2092® 

R3m 

c =2381 .43 

[85011] 

ft-B 

ErB 

2 

hP3 

a=  326.5 

[85011] 

<2185° 

F'6/mmm 

c-  376.8 

A1B 

2 

ErB 

tP20 

a=  707.05 

[85Vi 1 ] 

<2500® 

P4/rrbm 

c®  400.00 

ThB 

4 

ErB 

12 

cF52 

a=  748.2 

[85Vi 1 ] 

<2080® 

Fm3m 

UB 

12 

ErB 

cF1608 

a=2344 .0 

C85Vil] 

<2070® 

Fm3c 

YB 

40 

ErN 

cF8 

9s  483  a  6} 

[85Vi 1 ] 

Fm3m 

NaCl 

BN 

h#x 

hP* 

a®  250.4 

[85Vi 1 ] 

Pt^/mmc 

BNh.„ 

C=  666.1 
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Isothermal  section  of  the  system  B  -  Er  -N  at  1400  C  under 
1  bar  of  argon  (  in  the  absence  of  external  nitrogen  ) . 


N 


20  40  60  ErB2  ErB4  ErB^ErBgg 

Atom  Percent  Boron  B 


SYSTEM  BORON  THULIUM  -  NITROGEN 


(B-Tm-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Tm-N  system  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  and  of  prealloyed 
binary  borides,  which  prior  to  use  were  crushed  to  a  particle  size 
smaller  than  20^<m  in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively 
[91Kle].  For  annealing  the  samples  were  kept  on  a  hex-BN  substrate 
within  a  molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in 
a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-N^  )  usually  consisted 
of  a  primary  reaction  at  1200°C  for  90h  followed  by  a  final  reaction 
at  1400°C  for  90h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  Temperatures  were  monitored  by 
calibrated  microoptical  pyrometry  and  after  heat  treatment  all  samples 
were  radiation  cooled.  Due  to  the  pronounced  instability  of  the  binary 
metal  nitride  with  respect  to  rapid  hydrolysis  in  moist  environment, 
all  handling  of  the  specimens  was  done  in  an  argon  filled  glove  box 

system  ensuring  an  oxygen  level  of  less  than  2  ppm  □  and  <  4  ppm  H  0. 

2  2 

Starting  materials  were  ingots  of  3N-Tm,  crystallized  boron  (99.8  */. 
B),  and  hexagonal  boron  nitride  of  99  7.  nominal  purity,  which  prior  to 
use  was  outgassed  in  high  vacuum  at  1400 °C.  Binary  boride  master 
alloys  were  prepared  by  arc  melting  the  elements  together  on  a  water 
cooled  copper  hearth  [91Kle3. 

BINARY  SYSTEMS 

A  recent  reinvestigation  [89Rem3  of  the  B-Tm  system  revealed 
consistency  with  the  data  available  in  [76SpeD,  [84VH3  and  [90Mas]; 
see  Table  1.  Mutual  solid  solubilities  are  expected  to  be  negligible. 

No  equilibrium  diagram  exists  for  the  N-Tm  system  and  solid 
solubility  of  N  in  Tm  is  said  to  be  small;  a  comprehensive  discussion 
of  all  reported  information  has  been  given  by  [78FroD.  At  normal 
pressure  TmN  is  the  only  stable  nitride  (see  Table  1);  at  higher 
nitrogen  pressure  Tm1N#_JC  with  the  Mn^O^-type  (cI80  -  Ia3,  a=1045  pm  ) 
has  been  reported  C72Kie]. 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


Fig.l  represents  the  isothermal  section  at  1400°C  under  1  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  C91Kle].  Phase 
equilibria  are  charac terized  by  the  absence  of  ternary  compounds  and 
by  the  formation  of  a  three-phase  equilibrium  TmN  +  TmB^  +  BN.  Thus 
there  is  no  compatibility  between  (Tm)  and  BN.  As  seen  from  a 
comparision  of  the  unit  cell  dimensions  there  is  no  significant  solid 
solubility  of  Tm  in  BN  at  1400°C,  and  mutual  solubilities  of  the  rare 
earth  borides,  the  rare  earth  nitride  and  BN  are  rather  restricted 
C91Kle]. 

No  signs  of  compound  formation  at  higher  nitrogen  contents  were 
observed  [91Kle]  from  heat  treatments  under  1  bar  of  N^  at  1400°C 
(lOOh)  and  at  1800°C  (20h)  respectively  sin  both  cases  the  limiting 
tie  line  reported  was  TmN  +  BN  . 
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Table  1:  Solid  phases  at  1400°C  in  the  system  B-Tm-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  ( °C ) 

Prototype 

(  pm  ) 

Tm 

hP2 

a=  353.75 

[90Mas] 

<1545° 

P6  /mmc 

s 

c=  555.40 

Mg 

ft-rhB 

hRlll 

a= 1092. 51 

[85Vi 1 ] 

<2092° 

R3m 

c =238 1.43 

[85Vi 1 J 

ft-B 

TmB 

2 

hP3 

a=  326.1 

[85011 ] 

2250° 

P6/mmm 

c=  375.5 

A1B 

2 

TmB 

4 

tP20 

a-  705.7 

[850i 1 ] 

<2550° 

P4/mbm 

c  —  398.7 

ThB 

4 

TmB 

tz 

cF52 

a=  747.4 

[85011  ] 

<2180® 

Fm3m 

UB 

12 

TmB 

CF1608 

a=2343.3 

[85011] 

<2100® 

Fm3c 

YB~ 

TmN 

cFB 

a-  481 

[S50il  ] 

Fm3m 

NaCl 

BN 

hP* 

a-  250.4 

[S50il] 

P6#/mmc 

BNW_ 

hex 

c=  666.1 
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Isothermal  section  of  the  system  B  -  Tm  -N  at  1400  C  under 
1  bar  of  argon  (  in  the  absence  of  external  nitrogen  ) . 


N 


i 

i 

I 


SYSTEM  BORON  -  LUTETIUM  -  NITROGEN 


(  B  -  Lu  -N  ) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Lu-N  system  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  and  of  prealloyed 
binary  borides,  which  prior  to  use  were  crushed  to  a  partic’e  sice 
smaller  than  20/im  in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively 
[91Kle3.  For  annealing  the  samples  were  kept  on  a  hex-BN  substrate 
within  a  molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in 
a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-N^  )  usually  consisted 
of  a  primary  reaction  at  1200°C  for  90h  followed  by  a  final  reaction 
at  1400°C  for  90h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  Temperatures  were  monitored  by 
calibrated  microoptical  pyrometry  and  after  heat  treatment  all  samples 
were  radiation  cooled.  Due  to  the  pronounced  instability  of  the  binary 
metal  nitride  with  respect  to  rapid  hydrolysis  in  moist  environment, 
all  handling  of  the  specimens  was  done  in  an  argon  filled  glove  box 
system  ensuring  an  oxygen  level  of  less  than  2  ppm  0^  and  <  4  ppm  H^O. 
Starting  materials  were  ingots  of  3N-Lu,  crystallized  boron  (99.8  7. 
B),  and  hexagonal  boron  nitride  of  99  7.  nominal  purity,  which  prior  to 
use  was  outgassed  in  high  vacuum  at  1400 °C.  Binary  boride  master 
alloys  were  prepared  by  arc  melting  the  elements  together  on  a  water 
cooled  copper  hearth  [91Kle]. 

BINARY  SYSTEMS 

A  recent  reinvestigation  [89Rem]  of  the  B-Lu  system  revealed 
consistency  with  the  data  available  in  [76Spe],  [84Vil]  and  [90Mas]; 
see  Table  1.  Mutual  solid  solubilities  are  expected  to  be  negligible. 

No  equilibrium  diagram  exists  for  the  N-Lu  system  and  solid 
solubility  of  N  in  Lu  is  said  to  be  small;  a  comprehensive  discussion 
of  all  reported  information  has  been  given  by  [78Fro].  At  normal 
pressure  LuN  is  the  only  stable  nitride  (see  Table  1),  at  higher 
nitrogen  pressure  Lu  N  _  with  the  Mn  0  -type  (cIBO  -  Ia3,  a=1032  pm  ) 
has  been  reported  [72Kie]. 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


Fig.l  represents  the  isothermal  section  at  1400°C  under  1  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  [91Kle3-  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  the  formation  of  a  three-phase  equilibrium  LuN  +  LuB^  +  BN.  Thus 
there  is  no  compatibility  between  (Lu)  and  BN.  As  seen  from  a 
comparision  of  the  unit  cell  dimensions  there  is  no  significant  solid 
solubility  of  Lu  in  BN  at  1400°C,  and  mutual  solubilities  of  the  rare 
earth  borides,  the  rare  earth  nitride  and  BN  are  rather  restricted 
C91Kle] . 

No  signs  of  compound  formation  at  higher  nitrogen  contents  were 

o 

observed  [91Kle]  from  heat  treatments  under  1  bar  of  N^  at  14U0  C 
(lOOh)  and  at  1800°C  (20h)  respectively  sin  both  cases  the  limiting 
tie  line  reported  was  LuN  +  BN  . 
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Table  Is  Solid  phases  at  1400°C  in  the  systems  B  -  Lu  - 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Qroup  / 

Parameters 

Range  ( °C ) 

Prototype 

(  pm  ) 

Lu 

hP2 

a=  350.52 

[ 90Mas ] 

<1663° 

P6#/mmc 

Mg 

c=  554.94 

ft-rbh 

hRlll 

a=1092 . 51 

[B5Vi 1 ] 

<2092° 

R3m 

c=2381 . 43 

[85011] 

ft-B 

LuB 

2 

hP3 

a=  324.6 

[85011 ] 

<2250° 

P6/mmm 

c=  370.4 

AIB^ 

LuB 

4 

tP20 

a=  703.6 

C  85Vi 1 ] 

<2550° 

P4/mbm 

c«  397.4 

ThB 

4 

LuB 

42 

cF52 

a=  746.4 

[85Vi 1 D 

<2170° 

Fm3m 

UB 

42 

LuB 

M 

CF1608 

a =234 1.2 

[85Vi 1 ] 

<2100® 

Fm3c 

YB 

<M 

LuN 

cF8 

a=  476.6 

C85Vil] 

Fm3m 

NaCl 

BNk 

h«x 

hP* 

a=  250.4 

[85Vil] 

P6  /mine 

bnL 

c=  666 . 1 

i 

l 

KL 
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Isothermal  section  of  the  system  B  -  Lu  -N  at  1400°C  under 
1  bar  of  argon  (  in  the  absence  of  external  nitrogen  ) . 


40  60  LuB2  L11B4  LuBi2LuB$$ 

Atom  Percent  Boron  B 
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SYSTEM  BORON  -  URANIUM  -  NITROGEN  (B-U-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-U-N  system  have  been  established  -from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  and  of  prealloyed 
binary  borides,  which  prior  to  use  were  crushed  to  a  particle  size 
smaller  than  20/Ltm  in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively 
[90Kle].  For  annealing  the  samples  were  kept  on  a  hex-BN  substrate 
within  a  molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in 
a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-N^  )  usually  consisted 
of  a  primary  reaction  at  1200°C  for  90h  followed  by  a  final  reaction 

at  1400°C  for  90h  with  an  intermediate  step  of  crushing  and 

recompacting  to  ensure  homogeneity.  Temperatures  were  monitored  by 
calibrated  microoptical  pyrometry  and  after  heat  treatment  all  samples 
were  radiation  cooled.  Due  to  the  pronounced  instability  of  the  binary 
metal  nitride  with  respect  to  rapid  hydrolysis  in  moist  environment, 
all  handling  of  the  specimens  was  done  in  an  argon  filled  glove  box 

system  ensuring  an  oxygen  level  of  less  than  2  ppm  0  and  <  4  ppm  H  □. 

2  2 

Starting  materials  were  platelets  of  depleted  uranium  (E. Merck,  FRG) 
which  prior  to  use  were  surface  cleaned  in  dilute  HNO^  ,  crystallized 

boron  (99.8  7.  B)  ,  and  hexagonal  boron  nitride  of  99  7.  nominal  purity, 

which  prior  to  use  was  outgassed  in  high  vacuum  at  1400°C.  Binary 
boride  master  alloys  were  prepared  by  arc  melting  the  elements 
together  on  a  water  cooled  copper  hearth  [90Kle]. 


BINARY  SYSTEMS 

A  reinvestigation  of  the  binary  systems  revealed  consistency  with 
the  data  available  in  [85Vil],and  [90Mas]  (see  Table  1);  for  a  recent 
critical  assessment  of  the  U  -  B  binary  see  [91Pot]. 

The  phase  diagram  N-U  is  given  by  [90Mas3,  see  also  Table  1;  the 
maximal  solid  solubility  of  N  in  a, ft-  or  y-U  was  claimed  to  be  less 
than  0.017at%  N  [78Fro]. 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


Fig.l  represents  the  isothermal  section  at  1400°C  under  1  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  [90Kle].  Phase 
equilibria  are  charac terized  by  the  existence  of  one  of  ternary 
compound  UBN  (  isotypic  with  the  structure  type  of  UBC  ) .  Due  to  the 
formation  of  the  stable  three-phase  equilibria:  UB^  +  UBN  +  UN  and 
UB  +  UBN  +  BN  ,  no  compatibility  was  observed  between  (U)  and  BN  nor 
between  the  uranium  nitrides  and  boron.  .  From  the  close 
correspondance  of  the  unit  cell  dimensions  of  the  boundary  phases  in 
multiphase  samples  with  the  data  for  the  binary  compounds  no 
significant  solid  solubility  of  N  (  <  0.5at7.  N)  in  the  uranium  borides 
was  concluded.  Similarly  solid  solubility  of  U  in  BN  at  1400°C  was 
considered  to  be  rather  limited.  No  significant  trends  have  been 
observed  for  the  variation  of  the  unit  cell  dimensions  of  the  binary 
uranium  nitrides  as  a  function  of  the  boron  content  [90K.le.l,  thus  the 
solid  solubility  of  B  is  certainly  smaller  than  originally  suggested 
by  [76 I mo]. 

From  heat  treatments  under  1  bar  of  N^  at  1400°C  (90h)  the 
limiting  tie  line  reported  was  between  uranium  nitride  and 
boronnitride.  Mutual  solid  solubilities  remained  restricted. 
Additional  heat  treatment  for  60h  at  1400°C  in  a  high  vacuum  of  10  *Pa 
was  sufficient  to  entirely  decompose  the  ternary  compound  UBN,  and  all 
nitrogen-rich  samples  were  transferred  to  the  tie  lines  UN  +  UB^  and 
UB^  +  BN.  X-ray  Guinier  photographs  of  UBN  were  completely  indexed 
on  the  basis  of  an  orthorhombic  unit  cell  in  close  correcpondance  with 
the  UBC-type.  Using  the  atom  parameters  derived  from  a  single  crystal 
study  of  stoichiometric  UBC  [91Rog],  calculated  and  observed  intensity 
data  were  said  to  be  in  excellent  agreement  for  UBN  [90Kle].  The 
variation  of  the  unit  cell  dimensions  of  UBN,  as  observed  from 
multiphase  samples  at  1400°C  as  well  as  under  various  N(  partial 
pressures  is  rather  small  indicating  only  a  small  degree  of 
boron /nitrogen  substitution  [90Kle]. 
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Table  Is  Solid  phases  at  1400 

°C  in  the  system  B-U-N 

Phase  / 

Pearson  Symbol/ 

Lattice  Comments 

Temperature 

Space  Group  / 

Parameters 

Range  ( °C ) 

Prototype 

(  pm  ) 

r-  u 

c  12 

a=  352.4 

[90Mas] 

1135-776° 

Im3m 

W 

ft— a 

tP30 

a=1075 . 9 

[90Mas] 

776-668® 

P4  /mnm 

X 

c=  565.6 

ft-U 

a-U 

oC4 

a=  285.37 

[90lias] 

<668® 

Cmcm 

b=  586.95 

a-U 

c=  495.48 

ft-rhB 

hRlll 

a=1092.51 

C85Vil] 

<2092® 

R3m 

c =238 1.43 

[85Vil 1 

ft-B 

UB 

X 

hP3 

a=  312.93 

[91Pot] ,U-rich 

<2385® 
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Fig . 1 :  Isothermal  section  of  the  system  B  -  U  -  N  at  1400°C  under 
1  bar  of  argon  (  in  the  absense  of  external  nitrogen  ) . 
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SYSTEM  BORON  -  TITANIUM  -  NITROGEN  (B-Ti-N) 


INTRODUCTION  /  EXPERIMENTAL 

Informations  on  the  Ti-B-N  ternary  are  due  to  [55Bre,61Now] , 
[73Sam,80Yur,81Chu,83Tka,84Bor]  and  [87&mi]  with  an  early  review  by 
[72Med] . 

Based  on  an  early  t hemodynamic  estimation  of  the  reaction  TiN  + 

2  BN  ==  TiBz  +  |  Nj  under  0.5  105Pa  of  nitrogen,  [55Bre]  proposed 

stability  of  the  mixture  TiN  +  BN  up  to  ca  1600°C.  Accordingly  phase 
equilibria  at  1500°C  under  argon  of  0.1X  Nz  as  derived  by  [61Now]  are 
characterized  by  the  absence  of  ternary  boronnitride  compounds  and  by 
a  dominating  three  phase  field  TiBz  +  TiNix  +  BN.  Based  on  these  data 
[80Yur]  determined  the  heat  of  formation  of  TiBz  via  the 
experimentally  monitored  decomposition  reaction  of  powder  compacts  TiN 
+  2  BN  in  the  temperature  range  1575  to  1850°C  as  a  function  of 
temperature.  For  equilibrium  pressures  of  100  Pa  Nz  the  decomposition 
was  found  to  commence  at  ca  1350°C  [80Yur].  These  data  are  in 
essential  agreement  with  a  DTA  study  revealing  the  onset  of 
decomposition  at  ca  1375  to  1440°C  [84Bor]. 

[81Chu]  claimed  the  existence  of  a  quasibinary  section  of  the 
eutectic  type  TiBz+TiN  revealing  email  mutual  solid  solubilities:  at  the 
nitrogen-rich  phase  boundary  TiNo  ,  whereas  solubility  of  TiBz  in 
TiN_  was  said  to  increase  up  to  ca  12  molX  at  2300°C. 

©  •  9w 

Phase  equilibria  in  the  B-Ti-N  system  have  been  furthermore 
investigated  [87§mi]  at  1500°  under  high  vacuum  or  1  bar  Ar  or  under  1 
bar  Hz  respectively.  Phase  relations  have  been  established  from  room 
temperature  X-ray  powder  diffraction  analysis  of  about  10  binary  and 
25  ternary  samples  prepared  by  reaction  sintering  of  cold  compacted 
powder  blends  of  B,  BN,  Ti,  TiN  ,and  of  prealloyed  binary  borides, 
which  prior  to  use  were  crushed  to  a  particle  size  smaller  than  20/um 
in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively  [87§mi].  For 
annealing  in  a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-NZ  )  the 
samples  were  kept  on  a  hex-BN  substrate  within  a  molybdenum  or 
tungsten  susoeptor  orueible.  Heat  treatments  usually  consisted  of  a 
primary  reaotion  at  1500°C  for  72h  followed  by  a  final  reaction  at 
1500°C  up  to  144h  with  an  intermediate  step  of  crushing  and 
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recompacting  to  ensure  homogeneity.  After  heat  treatment  all  samples 
were  radiation  cooled.  Starting  materials  were  powders  of  3N-Ti, 
crystallized  boron  (99.8  X  B),  TiNix  (99.8X)  and  hexagonal  boron 
nitride  of  99  X  nominal  purity,  which  prior  to  use  was  outgassed  in 
high  vacuum  at  1400°C.  Binary  boride  master  alloys  were  prepared  by 
arc  melting  the  elements  together  on  a  water  cooled  copper  hearth 
[87$mi] . 

BINARY  SYSTEMS 

The  reinwestigation  [87&mi]  of  the  B-Ti  system  in  the  range  from 
900  to  2400°C  revealed  consistency  with  the  data  available  in  [84Vil], 
and  [90Mas];  a  critical  assessment  is  due  to  [86Mur] .  The  existence  of 
TiaB4  has  been  confirmed  [87$mi]  The  maximal  solid  solubility  of  boron 
in  titanium  was  claimed  to  be  less  than  1  atXB  at  1540°C  [66Rud]  and 
an  interstitial  type  of  B-solubility  was  suggested  .  The  maximum  solid 
solubility  of  Ti  in  ft-B  was  reported  to  be  less  than  0.5  atX  Ti  at 
~1800°C  from  X-ray  powder  data  [70Car]  (see  Table  1). 

The  phase  diagram  for  the  system  Ti-N  as  given  in  [90Mas]  has  to  be 
modified  according  to  [90Len]  regarding  the  newly  discovered  phases 
Ti  N  and  Ti  N  [86Lenl,2]. 

Crystallographic  information  on  the  binary  titanium  compounds  is 
found  in  Table  1. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  summarizes  the  results  on  the  phase  relations  Ti-B-N  at 
1500°C  under  1  bar  Ar  as  observed  by  [61Now]  and  confirmed  by  [87§mi] . 
Phase  equilibria  are  characterized  by  the  absence  of  ternary  compounds 
and  by  incompatibility  of  titanium  metal  and  BNh^x  due  to  the 
formation  of  a  stable  tie  line  TiB  -  TiNiK  at  temperatures  below 
1500°C.  Heating  binary  as  well  as  ternary  alloys  at  1500°C  under  1 
bar  Ns  transfers  all  samples  to  the  limiting  tie  line  at  the  nitrogen 
rich  boundary  TiN  +  BN,  equilibrium  being  reaohed  after  75h  of 
nitrogen  exposure  [87$mi]. 

As  seen  from  a  oomparision  of  the  unit  oell  dimensions  there  is  no 
signif leant  solid  solubility  of  Ti  in  BN  up  to  1500°C,  and  mutual 
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solubilities  of  the  titaniun  borides,  the  titaniun  nitrides  and  BN  up 
to  1500°C  are  rather  restricted  [87§mi] . 

THERMODYNAMICS 

A  thernodynanic  node 1 ling  of  the  binary  systen  Ti-B  is  due  to 
[86Mur];  see  Table  2.  The  enthalpy  of  formation  of  TiBz  as  derived  by 
[80Yur]  from  the  decomposition  reaction  TiNt_x+  2BN  =  TiB2  +  |  N2  was 
given  as  AfH(298)=-104667  kJ/gratom  and  is  slightly  lower  than  the 
optimized  value  obtained  from  the  modelling  of  the  Ti-B  binary  (Table 
2). 

MISCELLANEOUS 

Fig. 2  presents  three  isopleths  TiBz-TiNix  for  x=0.04,  0.27  and 
0.42  after  [81Chu]  revealing  the  eutectic  nature  of  the  quasibinary 
section  TiB^-TiN  and  the  increasing  solubility  of  TiBz  in  TiNix  with 
increasing  x  and  temperature. 
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Table  1:  Solid  phases  in  the  systea  B-Ti-N 


Phase  / 
Temperature 
Range  <°C) 

Pearson  Synbol/ 
Space  Group  / 
Prototype 

Lattice 

Paraaeters 

<  PB  ) 

Coaaents 

/?-Ti 

cI2 

a=  330 • 65 

[90Mas] 

1863-882° 

Ia3m 

M 

a-Ti 

hP2 

a=  295.06 

[90Mas] 

<882  ° 

P6  /BBC 

c=  468.35 

Mg 

ft-rhB 

hRlll 

a=1092.53 

[70Car] 

<2092° 

R3m 

c=2381.03 

ft-B 

a=1092 . 70 

[70Car]  at  TiB^ 

0=2388.65 

TiB 

oP8 

a=  456.01 

[87§ni] 

<."190° 

Pbnn 

b=  611.6 

FeB 

c=  305.65 

Ti.B4 

oI14 

a=  326.28 

[87§mi] 

<2200° 

I  BBS 

b=1373.5 

Ta,B4 

c=  303.96 

TiBt 

hP3 

a=  303 • 56 

[87§ni] 

<3225° 

P6/BBB 

c=  322.78 

A1B# 

*-TitH 

tP8 

a=  494.28 

[85Vil] 

<1080° 

PA^mnm 

c=  303.57 

at  31  to  33  atX  H 

Ti0t 

L87Len] 

hR8 

a=  297.85 

[86Lenl] 

1103-1066° 

R5b 

0=2898.5 

at  29  atX  N 

VTa  C 

<-T1A-k 

hR8 

a=  298.09 

[88Len2] 

1291-1078° 

RSb 

0=2168.42 

at  31.5  atX  N 

V. 
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tI16 

a= 

<800° 

I4t/amd 

c= 

ThSi,? 

TiH*-x 

cF8 

a = 

Fn3m 

NaCl 

hP* 

a= 

P6,/mmc 

c= 

BN 

h«x 

414.0  [87Len]  metastable 

880.5  at  38  at*  H 

423.9  [85Vil] 


250.4  [85Vil] 

666.1 


Table  2:  Thermodynamic  data  for  the  system  Ti-B-N 

Phase  AfG  (  J/gramatom  )  Ref. 


1.0000 

Ti 

Afu-G(Ti) 

=  16234-8.368  T  [86Mur] 

1 . 0000 

B 

Aru.°<B> 

=  50210-21.23  T 

1.0000 

«Ti 

AfG  («Ti) 

=  0 

1.0000 

(Wi 

AfG  (0Ti) 

=  4351-3.766  T 

0.5000 

TiB 

AfG  (TiB) 

=-109721+13.23  T 

0.1429 

Ti  B 

a  4 

AfG(Ti#B4) 

=-114026+12.12  T 

0 . 3333 

TiB, 

AfG  (TiB,) 

=-106753+5.49  T 

1.0000 

AfG  (0B) 

=  0 

Liquid 

AG#X=  x(l- 

x){-2725 14-19 . 183  T  +  (-67899)( l-2x)+ 

+(-68144 )( l-2x)*+( "382 10) (l-2x)*} 


0.5000  TiH  AfG  (TIN)  =  -167883+46.4424  T  <25* <T<882*C)  [76Fro] 

-189138.2+47.4884  T  (882° <T<1200#C) 
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Fig.l:  Iaotteml  Motion  at  1500  C  in  the  sjrstra  Ti  -  B  -  I 

oador  1  bar  Ar  (in  tho  absenoe  of  external  nitrogen)  [87§»i] . 
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SYSTEM  BORON  -  ZIRCONIUM  -  NITROGEN  (B-Zr-N) 


INTRODUCTION  /  EXPERIMENTAL 

Informations  on  the  Zr-B-N  ternary  are  due  to  [55Bre,  BIRud,  73Sam, 
74Spiv,  840rd]  end  [87§mi]  with  an  early  review  by  [72Med]. 

Based  on  an  early  thermodynamic  estimation  of  the  reaction  ZrN  + 
2  BN  ==  ZrB,  +  ~  N.  under  0.5  10sPa  of  nitrogen,  [55Bre]  proposed 

z  z  z 

stability  of  the  mixture  ZrN  +  BN  up  to  ca  1550°C.  Accordingly  phase 
equilibria  at  1500°C  under  argon  of  0.1X  Nz  as  derived  by  [BIRud]  are 
characterized  by  the  absence  of  ternary  boronnitride  compounds  and  by 
a  dominating  three  phase  field  ZrB(  +  ZrNft_x  +  BN. 

[840rd]  claimed  the  existence  of  a  quasibinary  section  of  the 
eutectic  type  ZrBz+  ZrN  revealing  small  mutual  solid  solubilities  at 
the  nitrogen-rich  phase  boundary  ZrN_  ( ~2  molX  ZrB_  in  ZrN_  „). 

O  •  99  Z  O  #  99 

Phase  equilibria  in  the  B-Zr-N  system  have  been  corroborated  by 
[87§mi]  at  1500°  under  high  vacuum  or  1  bar  Ar  or  under  1  bar  Nz 
respectively.  Phase  relations  have  been  established  from  room 
temperature  X-ray  powder  diffraction  analysis  of  about  10  binary  and 
25  ternary  samples  prepared  by  reaction  sintering  of  cold  compacted 
powder  blends  of  B,  BN,  Zr,  ZrN  ,and  of  prealloyed  binary  borides, 
which  prior  to  use  were  crushed  to  a  particle  size  smaller  than  2 Own 
in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively  [87§mi] .  For 
annealing  in  a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-N2  )  the 
samples  were  kept  on  a  hex-BN  substrate  within  a  molybdenum  or 
tungsten  susceptor  crucible.  Heat  treatments  usually  consisted  of  a 
primary  reaction  at  1500°C  for  72h  followed  by  a  final  reaction  at 
1500°C  up  to  144h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  After  heat  treatment  all  samples 
were  radiation  cooled.  Starting  materials  were  powders  of  3N-Zr, 
crystallized  boron  (99.8  X  B),  ZrNft_x  (99. 8X)  and  hexagonal  boron 
nitride  of  99  X  nominal  purity,  which  prior  to  use  was  outgassed  in 
high  vacuum  at  1400°C.  Binary  boride  master  alloys  were  prepared  by 
mre  melting  the  elements  together  on  a  water  cooled  copper  hearth 
[87Smi] . 
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BINARY  SYSTEMS 


The  re investigation  [87Ssi]  of  the  B-Zr  system  in  the  range  fros 
BOO  to  2400°C  revealed  consistency  with  the  data  available  in  [84V113, 
and  [90Mas3*  a  critical  assessnent  is  due  to  [88Rog3.  The  naxinal 
solid  solubility  of  boron  in  sirconiun  was  claimed  to  be  less  than  1 
atXB  at  1660*C  [68Rud3  and  an  interstitial  type  of  B-solubility  was 
suggested  .  The  maximum  solid  solubility  of  Zr  in  P-B  was  reported  to 
be  less  than  0.5  atX  Zr  at  ~1800°C  from  X-ray  powder  data  [81Cre3  (see 
Table  1).  Fig.l  is  a  representation  of  the  constitutional  diagram 
Zr-B. 

The  phase  diagram  for  the  system  Zr-N  is  in  accordance  with  [90Mas3 

Crystallographic  information  on  the  binary  zirconium  compounds  is 
found  in  Table  1. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig. 2  summarizes  the  results  on  the  phase  relations  at  1500°C  under 
1  bar  Ar  as  observed  by  C61Rud3  and  confirmed  by  [87§mi3.  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  incompatibility  of  zirconium  metal  and  BN^  due  to  the  formation  of 
a  stable  tie  line  ZrB  -  ZrNft  x  at  temperatures  below  1500°C.  Heating 
binary  as  well  as  ternary  alloys  at  1500°C  under  1  bar  N2  transfers 
all  samples  to  the  limiting  tie  line  at  the  nitrogen  rich  boundary  ZrN 
+  BN,  equilibrium  being  reached  after  75h  of  nitrogen  exposure. 

As  seen  from  a  comparision  of  the  unit  cell  dimensions  there  is  no 
significant  solid  solubility  of  Zr  in  BN  up  to  1500°C.  There  is 

furthermore  no  solubility  of  N  in  ZrBs  whereas  the  solubility  of 

zirconium  boride  in  the  ziroonium  nitride  at  1500°C  was  observed  to  be 
rather  extended  [61Rud,87&mi3 ,see  also  Fig. 2. 

THERMODYNAMICS 

A  thermodynamic  modelling  of  the  binary  system  Zr-B  is  due  to 

CMMRogl;  see  Table  2.  For  the  calculation  of  the  Zr-B-N  phase 

equilibria  see  [55Bre]. 
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MI SCELL ANEOU S 


Fig. 3  presents  the  isopleth  ZrB^-ZrN^  for  x=0.04  efter  [840rd] 
revealing  the  eutectic  nature  of  the  quasibinary.  Microhardness  and 
creep  rate  of  ZrB^-ZrN  composite  have  been  studied  by  [74Spi]. 
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Table  1:  Solid  phases  in  the  systea  B-Zr-N 


Phase  / 
Teaperature 
Range  (°C> 

Pearson  Syabol/ 
Space  Oroup  / 

Prototype 

Lattice 

Paraaeters 

(  PB  ) 

CoBaents 

ft-Zr 

1855-863° 

eI2 

Ib3b 

H 

a=  360.90 

[90Mas] 

a-Zr 
<863  ° 

hP2 

PS^/bbc 

Mg 

a=  323.16 

c=  514.75 

% 

C90Mas] 

ft-thB 

<2082° 

hRlll 

R3n 

fl-B 

a= 1092. 76 

0=2381.41 

[81Cre] 

a=1095 . 64 

c=24 . 0201 

[78Car] 

at  ZrBKJ 

91 

ZrBz 

<3245° 

hP3 

P6/BBB 

a=  316.94 

c=  353.03 

[62Lei] 

Zr-rich 

A1B 

Z 

a=  316.92 

c=  353.09 

[62Lei] 

B-  rich 

ZrB 

12 

2250-1710* 

cF52 

Fb3b 

UB 

12 

a=  740.8 

[85Vil] 

Z'«i-„ 

cF8 

FbSb 

NaCl 

a=  458.5 

[85Vil] 

hP* 

P6s/bbc 

BN. 

htx 

a=  250.4 

o=  686.1 

[85Vil] 
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Table  2:  T hemodynamic  data  for  the  system  Zr-B-N 


Phase 

AfG  (  J/gramatom  ) 

1 . 0000 

Zr 

Ar«.G<Zr> 

=  21000-9.868  T 

1.0000 

B 

-  50210-21.23  T 

1.0000 

aZr 

AfG  (oZr) 

-  0 

1 . 0000 

ftZr 

AfG  CftZt) 

=  4103.3-3.601  7* 

0.3333 

ZrBz 

AfG  (ZrBt 

)  =-108600+4.98  T 

0.0769 

ZrB 

12 

AfG<ZrB12 

)  =-20200-1.93  T 

1.0000 

AfG  (ft B) 

=  0 

Liquid(Zr,B) 

AG*X=  X<1 

-x){ -165408- 16 . 03  T  +  (66465)( l-2x)+ 

+< 13412)( l-2x)2} 


0.5000  ZrN 


AfG  (ZrN)  =  -183230+48.325  T 


Ref. 


[88Rog] 


[76Fro] 
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Temperature,  K 


F&tf.X:  The  binary  systen 
[87§ni] . 


2r  -  B;  based  on  [90Mas] 


and 


Zirconium  -  Boron 
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Temperature, 


.1- 


Wit. 3:  The  concentration  section  ZrB^-ZrH^  at  x  s  0.04 
(baaed  on  [840rd]). 


k. 
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SYSTEM  BOSOM  -  HAFNIUM  -  NITROGEN  (B-Hf-N) 


INTRODUCTION  /  EXPERIMENTAL 

Informations  on  the  Hf-B-N  ternary  are  due  to  [SIRud,  73Sam,  840rd] 
and  [87Smi]  with  an  early  review  by  [72Med]. 

Phase  equilibria  at  1S00°C  under  argon  of  0.1X  Ns  as  derived  by 
[SIRud]  are  characterized  by  the  absence  of  ternary  boronnitride 
compounds  and  by  a  dominating  three  phase  field  HfB#  +  HfN&_x  +  BN. 

[840rd]  claimed  the  existence  of  a  quasibinary  section  of  the 
eutectic  type  HfBz+  HfN  revealing  small  mutual  solid  solubilities  at 
the  nitrogen-rich  phase  boundary  HfN^  p 7  molX  HfB2  in  HfNo  w). 

Phase  equilibria  in  the  B-Hf-N  system  have  been  corroborated  by 
[67§mi]  at  1500°  under  high  vacuum  or  1  bar  Ar  or  under  1  bar  Nz 
respectively.  Phase  relations  have  been  established  from  room 
temperature  X-ray  powder  diffraction  analysis  of  about  10  binary  and 
25  ternary  samples  prepared  by  reaction  sintering  of  cold  compacted 
powder  blends  of  B,  BN,  Hf,  HfN  tand  of  prealloyed  binary  borides, 
which  prior  to  use  were  crushed  to  a  particle  size  smaller  than  20/Jm 
in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively  [87§mi] .  For 
annealing  in  a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-NX  )  the 
samples  were  kept  on  a  hex-BN  substrate  within  a  molybdenum  or 
tungsten  susceptor  crucible.  Heat  treatments  usually  consisted  of  a 
primary  reaotion  at  1500°C  for  72h  followed  by  a  final  reaction  at 
1500°C  up  to  144h  with  an  intermediate  step  of  crushing  and 
recompaoting  to  ensure  homogeneity.  After  heat  treatment  all  samples 
were  radiation  cooled.  Starting  materials  were  powders  of  3N-Hf, 
crystallised  boron  (89.8  X  B),  HfN„  (99.8X)  and  hexagonal  boron 
nitride  of  89  X  nominal  purity,  which  prior  to  use  was  outgassed  in 
high  vacuum  at  1400°C.  Binary  boride  master  alloys  were  prepared  by 
arc  melting  the  elements  together  on  a  water  cooled  copper  hearth 
C67Sni] . 

4 

BINARY  SYSTEMS 

The  re  investigation  [87Smi]  of  the  B-Hf  system  in  the  range  from 
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900  to  2400°C  revealed  consistency  with  the  data  available  in  [84V11], 
and  [90Mas];  a  critical  assessment  is  due  to  [88Rog] .  The  maximal 
solid  solubility  of  boron  in  hafnium  was  claimed  to  be  less  than  2 
atXB  at  1880°C  [66Rud]  and  an  interstitial  type  of  B-solubility  was 
suggested  .  The  maximum  solid  solubility  of  Hf  in  /?- B  was  reported  to 
be  less  than  0.5  atX  Hf  at  ~1800°C  f roc  X-ray  powder  data  [81Cre]  (see 
Table  1).  Fig.l  is  a  representation  of  the  constitutional  diagram 
Hf-B. 

A  critical  assessnent  of  the  phase  diagram  for  the  system  Hf-H  is 
due  to  [900ka] 

Crystallographic  information  on  the  binary  hafnium  compounds  is 
found  in  Table  1. 


SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig. 2  summarizes  the  results  on  the  phase  relations  at  1500°C  under 
1  bar  Ar  as  observed  by  [61Rud]  and  confirmed  by  [87§ni] .  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  incompatibility  of  hafnium  metal  and  BN^  due  to  the  formation  of 
a  stable  tie  line  HfB  -  HfNlx  at  temperatures  below  1500°C.  Heating 
binary  as  well  as  ternary  alloys  at  1500°C  under  1  bar  Nz  transfers 
all  samples  to  the  limiting  tie  line  at  the  nitrogen  rich  boundary  HfN 
+  BN,  equilibrium  being  reached  after  75h  of  nitrogen  exposure. 

As  se^n  from  a  comparision  of  the  unit  cell  dimensions  there  is  no 
significant  solid  solubility  of  Hf  in  BN  up  to  1500°C.  There  is 
furthermore  no  solubility  of  N  in  HfBs  ,  whe  r  eas  the  solubility  of 
hafniumboride  in  hafniumnitride  at  1500°C  was  observed  to  be  rather 
extended  [61Rud,87$mi] ,  see  also  Fig. 2. 


THERMODYNAMICS 

A  thermodynamic  modelling  of  the  binary  system  Hf-B  is  due  to 
[88Rog];  see  Table  2.  The  thermodynamic  data  available  are  consistent 
with  the  ternary  phase  equilibria  experimentally  observed. 

MISCELLANEOUS 

Fig. 3  represents  the  isopleth  HfBs-HfNt_K  for  x=0.03  after  [840rd] 
revealing  the  euteotio  nature  of  the  quasibinary. 
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Table  1:  Solid  phases  in  the  systen  B-Hf-N 


Phase  / 

Pearson  Synbol/ 

Lattice 

CoBBents 

Teaperature 

Space  Group  / 

ParaBeters 

Range  (°C) 

Prototype 

(  PB  ) 

ft-Ht 

cI2 

a=  361.0 

[90Mas] 

2227-1743° 

IbSb 

W 

a-Hf 

hP2 

a=  319.46 

[90Mas] 

<1743° 

P6s/ame 

Mg 

c=  505.10 

ft-thB 

hRlll 

a=1092.76 

[81Cre] 

<2092° 

R3n 

c=2381 .41 

ft-B 

a= 1095. 57 

[81Cre] 

c=24 .0244 

HfB 

oP8 

a=  492.38 

[87Sni] 

<2100° 

Pbnn 

b=  652.4 

FeB 

c=  322.35 

HfBs 

hP3 

a=  314.28 

[87§ni] 

<3380° 

P6/BDD 

c=  347.89 

AlBa 

a=  314.31 

[87Sni] 

c=  347.80 

Hf.N, 

hR6 

a=  320.6 

[85Vil] 

<1970° 

R3b 

c=2326 . 

VTa#C# 

hR8 

a=  321.4 

[85Vil] 

<2300° 

r3b 

c=3112 

HfH  . 

1  —  x 

V. 

cF8 

a=  451.18 

[85Vil] 

F&3a 

HaCI 

BM. 

hex 

hP* 

a=  250.4 

[85Vil] 

P6a/BBO 

BM 

hex 

c=  686.1 

at  HfB4g 

Hf-rich 

B-  rich 
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Table  2:  Thermodynamic  data  for  the  system  Hf-B-R 


Phase 


1.0000  Hf 
1.0000  B 
1.0000  oHf 
1.0000  mt 
0.5000  HfB 
0.3333  HfB2 
1.0000  ftB 
Liquid(Hf ,B) 


0.5000  HfB 


AfG  (  J/gramatom  ) 


AfuBG(Hf)  =  27196-10.861  T 
Afu#G(B)  =  50210-21.23  T 
AfG  (aHf )  =  0 

AfG  (flHf)  =  5860.3-2.907  T 
AfG  (HfB)  =-98800-6.30  T 
AfG  (HfB^)  =-109500+4.13  T 
AfG  (/3B)  =  0 

AG#X=  x( l-x){- 157123-17 . 19  T  +  (36259+8.666 
+(2497)( l-2x)*) 

AfG  (HfH)  =  -1845105+42.48  T 


Ref. 


[88Rog] 


T)(l-2x)+ 


[76Fro] 


Pig. l:  The  binary  systen  Hf  -  B;  baaed  on  [900ka]  and 
C87§ai}. 


Hafnium -Boron 
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Fig. 2:  Isothernal  section  at  1500  C  in  the  systeat  Hf  -  B  -  H 

under  1  bar  Ar  (in  the  absence  of  external  nitrogen)  [87?ni] 


N 


I 


* 

i 


► 

I 


SYSTEM  BORON-  VANADIUM  -  NITROGEN  (B-V-N) 


INTRODUCTION  /  EXPERIMENTAL 

Informations  on  tho  V-B-N  ternary  are  due  to  [88Spe]  and  [89Rea] . 

[68Spe]  reported  phase  equilibria  under  1  bar  of  nitrogen  and 
listed  the  tesperatures  at  which  three  solid  phases  are  in 
equilibrium  with  the  gas  phase: 

VHt->c  +  VB  +  BN  at  2010<  20  )K 

VB  +  VSBS  4  BN  at  2180(  25  )K 

V#B4  +  VzBs  +  BN  at  2290 (  30  >K 

VaB.  4  4  BH  at  2290<  30  )K 

VB,  4  B  4  BH  at  2600(100)K 

No  details  were  given  for  the  region  V  4  VNtj|  4  VB  , however,  VxBs 
was  said  to  react  with  VsNt_x  under  1  bar  N,  below  ca  2010  K  to 
VN4  x  4  BN  (68Spe]  (see  also  Fig.l). 

Phase  equilibria  in  the  B-V-N  systen  have  been  furthermore 
investigated  [89Rem]  at  1200°  under  high  vacuum  or  1  bar  Ar  or  under 
1  bar  N,  respectively.  Phase  relations  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  about  20 
binary  and  25  ternary  samples  prepared  by  reaction  sintering  of  cold 
compacted  powder  blends  of  B,  BN,  V,  VN  ,  and  of  prealloyed  binary 
borides,  which  prior  to  use  were  crushed  to  a  particle  size  smaller 
than  20*41  in  a  steel  mortar  and/or  a  WC-Co  mortar  respectively 
[89Rem] .  For  annealing  in  a  1  MHs-HF  furnaoe  (  under  1  bar  of  5N-Ar 
or  5N-N,  )  the  samples  were  kept  on  a  hex-BN  substrate  within  a 
molybdenum  or  tungsten  susoeptor  cruoible.  Heat  treatments  usually 
consisted  of  a. primary  reaotion  at  1200°C  for  72h  followed  by  a 
final  reaotion  at  lBOD^C  up  to  144h  with  an  intermediate  step  of 
crushing  and  reoonpacting  to  ensure  homogeneity.  After  heat 
treatment  all  samples  were  radiation  cooled.  Starting  materials  were 
powders  of  31-?,  crystallized  boron  <99.8  X  B),  VNt_K  <98. 8X)  and 

hexagonal  boron  nitride  of  99  X  nominal  purity,  which  prior  to  use 
was  ostgassed  in  high  vacuum  at  1400°C.  Binary  boride  master  alloys 
were  prepared  by  arc  melting  the  elesents  together  on  a  water  cooled 
copper  hearth  (89ftea]. 


BINARY  SYSTBNS 

The  re investigation  [89Ren]  of  the  B-V  system  in  the  range  from 
900  to  1600°C  revealed  consistency  with  the  data  available  in 
[84Vil],  and  [90Mas];  a  critical  assesssent  is  due  to  [87Spe].  The 
maximal  solid  solubility  of  boron  in  vanadiun  was  claimed  to  be  less 
than  1  atXB  at  1737°C  [66Rud]  ;  an  interstitial  type  of  B-solubility 
was  suggested  .  The  maximum  solid  solubility  of  V  in  ft-B  was 
reported  to  be  less  than  1  atX  V  at  ~1800°C  from  X-ray  single 
crystal  data  obtained  on  VBgg  and  VB1^g  by  [866ar]  (see  Table  1). 
Fig.l  is  a  representation  of  the  constitutional  diagram  V-B. 

The  phase  diagram  for  the  system  V-N  is  taken  from  [90Has] 
modified  according  to  [780no, 820no]  regarding  the  various  ordered 
structures  ocurring  within  the  homogeneity  range  of  P-V  N  (  see 
Table  1  )  A  detailed  discussion  of  solubility  data  ,  physical 
properties  and  thermodynamic  data  is  found  in  [76Fro] . 

Crystallographic  information  on  the  binary  vanadium  compounds  is 
found  in  Table  1. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig. 2  summarizes  the  results  on  the  phase  relations  under  1 
bar  N2  as  observed  by  [68Spe] . 

Figs. 3,4  represent  the  isothermal  sections  at  1200°C  under  1  bar 
Ar  and  under  1  bar  of  Nx  respectively  [89Rem].  Phase  equilibria  are 
characterized  by  the  absence  of  ternary  compounds  and  by 
compatibility  between  the  higher  vanadium  borides  and  BN.  Vanadium 
metal  is  not  compatible  with  BN^  due  to  the  formation  of  a  stable 
tie  line  YB  -  VN^  at  temperatures  below  1750°C.  Heating  binary  as 
well  as  ternary  alloys  at  1200°C  under  1  bar  Ns  transfers  all 
samples  to  the  limiting  tie  line  at  the  nitrogen  rich  boundary  VN  + 
Bi,  equilibrium  being  reaohed  after  75h  of  nitrogen  exposure  (Fig. 3, 
C89Rem]>. 

As  seen  from  a  oomparision  of  the  unit  cell  dimensions  there  is 
no  significant  solid  solubility  of  V  in  BN  up  to  1600°C,  and  mutual 
solubilities  of  the  vanadium  borides,  the  vanadium  nitrides  and  BN 
up  to  1200°C  are  rather  restricted  [89Rem] . 
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THERMODYNAMICS 


A  thermodynamic  node 1 ling  of  the  binary  aystea  V-B  is  due  to 
[87Spe];  see  Table  2. 
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Table  1:  Solid  phases  in  the  systen  B-V-N 


Phase  / 

Pearson  Syabol/ 

Lattice 

CoBaents 

Teaperature 

Space  Group  / 

Paraaeters 

Range  (°C) 

Prototype 

<  P»  > 

V 

cI2 

a=  302.40 

[90Mas] 

<1910° 

Ib3b 

H 

ft-rhB 

hRlll 

a=1092 . 51 

[85Vil] 

<2092° 

R3n 

c=2381 .43 

[85Vil] 

ft-  B 

a=1097 . 2 

c=2390 . 8 

[86Gar]  at  VB_ 

a=1094 . 9 

[86Gar]  at  VB_ 

c=2384 . 0 

V, 

tPIO 

a=  574.14 

[89Rea] 

<1900° 

P4/BbB 

U  Si 

e  * 

c=  302.95 

VB 

oC8 

a=  306.03 

[89Rea] 

<2570° 

Cbcb 

b=  805.40 

CrB 

c=  297.20 

oC22 

a=  297.64 

[89Rea] 

<1750° 

Cans 

b=2130.8 

V. 

c=  305.85 

oI14 

a=  306.06 

[89Rea] 

<2610° 

Ibbb 

b=1322 .0 

Ta  B 

14 

c=  298.10 

V  B 
as 

oC20 

a=  305.88 

[89Rea] 

<2670° 

Cbcb 

b=1842 . 2 

Vs 

c=  298.46 

VB, 

hP3 

a=  299.89 

[89Rsb] 

<2747° 

P6/bbb 

A1B, 

c=  305.80 

hP* 

a=  491.0 

[820no3 

P8,22 

os  455. 

V 

hP9 

P8b22 

*Vo.  as 

a=  481.7 

o=  456.8 

[85Vil] 

tP58 

a=2a(VN) 

[780no] 

<520° 

P4B/nmc 

v  n 

az  zo 

c=2a(VN> 

V"l-X 

cF8 

Fm3m 

NaCl 

a=  413.6 

[85Vil] 

BNh.x  ' 

hP* 

P6a/mac 

BNk 

hex 

a=  250.4 

c=  666.1 

[85Vil] 

Table  2:  Thermodynamic  data  for  the  system  V-B-N 

Phase  AfG  (  J/gramatom  )  Ref. 


1.0000 

V 

Afu.G<V> 

=  20950-9.83  T 

[87Spe] 

1.0000 

B 

Afu.G<B> 

=  50210-21.23  T 

1 . 0000 

V 

AfG  (V) 

-  0 

0.4000 

V.B« 

AfG  <V.B,) 

=-56070+1.67  T 

0.5000 

VB 

AfG  (VB) 

=-69134+2.51  T 

0.5450 

V»B* 

Af°<VsV 

=-70116+2.85  T 

0.5710 

V.B4 

AfG(V,B4) 

=-70290+2.85  T 

0.6000 

V,B. 

A,G(V,B.) 

=-69856+3.05  T 

0.3333 

VB* 

AfG(VBB) 

=-67853+3.35  T 

1.0000 

m 

AfG  «JB) 

=  0 

Liquid(V.B) 

*Q**=  x(l- 

•x) {-186352+12 . 55  T  + 

<107479-43.82  T  )(l-2x) 

+57518( l-2x)*} 

0.3431 

Vo. 

p.V<Vo.os 

>=-89591+30.55  T 

[76Fro] 

0.5000 

AfG  (VN,.,) 

=-77404+46.024  7* 

[82Pom] 
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TEMPERATURE 


Phase  relations  in  the  systes  V  -  B  -  K 

under  1  her  H,  <  after  CBSSpe]  ),  the  te.per.ture.  H.t.d 

refer  to  the  aexi.el  teiperetures  under  which  three  solid 
phases  are  stable  under  1  bar  N^. 
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Fig. 3:  Isotheraal  section  at  1200°C  in  the  systea  V  -  B  -  H 
(in  the  absence  of  external  nitrogen) 
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SYSTEM  BORON-  NIOBIUM  -  NITROGEN  (B-Nb-N) 


INTRODUCTION  /  EXPERIMENTAL 

Informations  on  the  Nb-B-N  ternary  are  due-  to  a  recent 
investigation  by  [88Rog,89Kle]  at  1400°  under  high  vaouum  or  at 
1200°C  under  1  bar  of  Ar  respectively.  Phase  relations  have  been 
established  from  room  temperature  X-ray  powder  diffraction  analysis 
of  about  15  binary  and  30  ternary  samples  prepared  by  reaction 
sintering  of  cold  compacted  powder  blends  of  B,  BN,  Nb,  NbN  , and  of 
prealloyed  binary  borides,  which  prior  to  use  were  crushed  to  a 
particle  size  smaller  than  20^m  in  a  steel  mortar  and/or  a  MC-Co 
mortar  respectively  [88Rog,89Kle] .  For  annealing  in  a  1  MHz-HF 
furnace  (  under  1  bar  of  5N-Ar  or  SN-NX  )  the  samples  were  kept  on  a 
hex-BN  substrate  within  a  molybdenum  or  tungsten  susceptor  crucible. 
Heat  treatments  usually  consisted  of  a  primary  reaction  at  1200°C 
for  70h  followed  by  a  final  reaction  at  1200°C  up  to  144h  with  an 
intermediate  step  of  crushing  and  recompacting  to  ensure 
homogeneity.  Treatments  in  vacuum  (10~*Pa)  usually  were  64h  at 
1400°C.  After  heat  treatment  all  samples  were  radiation  cooled. 
Starting  materials  were  powders  of  3N-Nb,  crystallized  boron  (99.8 
X  B),  NbN  (99. 8X)  and  hexagonal  boron  nitride  of  99  X  nominal 
purity,  which  prior  to  use  was  outgassed  in  high  vacuum  at  1400°C. 
Binary  boride  master  alloys  were  prepared  by  arc  melting  the 
elements  together  on  a  water  cooled  copper  hearth  [88Rog,89Kle] . 


BINARY  SYSTEMS 

The  reinvestigation  [89Kle]  of  the  B-Nb  system  in  the  range  from 
900  to  1600°C  revealed  consistency  with  the  data  available  in 
[84Vil],  and  [GBRud];  the  data  of  [66Rud]  ,  however,  are  modified 
with  respect  to  the  formation  of  Nb  R  [88Rog,  89Kle] .  The  maximal 
solid  solubility  of  boron  in  niobium  was  claimed  to  be  less  than  2 
atXB  at  2165°C  [66Rud]  ;  an  interstitial  type  of  B-solubility  was 
suggested  .  The  maximum  solid  solubility  of  Nb  in  ft-h  was  reported 
to  be  less  than  0.5  atX  Nb  at  ~1800°C  from  X-ray  powder  data  [81Cre] 
(see  Table  1).  Fig.l  is  a  representation  of  the  constitutional 
diagram  Nb-B. 
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The  phase  diagraa  for  the  systes  Nb-N  is  essentially  based  on  the 
critical  assessaent  by  [79Pol] .  A  detailed  discussion  of  solubility 
data  ,  physical  properties  and  thernodynaaie  data  is  found  in 
[76Fro] . 

Crystallographic  inforaation  on  the  binary  niobiua  compounds  is 
found  in  Table  1. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Figs. 2, 3  represent  the  isotheraal  sections  at  1200°C  under  1  bar 

Ar  and  at  1400°C  under  a  vacuua  of  10~*Pa  respectively  [88Rog,89Kle] . 

Phase  equilibria  are  characterised  by  the  foraation  of  at  least  two 

ternary  ooapounds  Mb  BN  which  is  a  superconductor  <T  =2.5K)  and  a 

*  c 

phase  *  whose  crystal  structure  has  not  been  solved  yet.  Whereas 
compatibility  exists  between  the  higher  niobiua  borides  and  BN, 
niobiua  aetal  is  not  coapatible  with  BN^  due  to  the  foraation  of  a 
stable  tie  line  NbB  -  Nb^^  at  teaperatures  below  1400°C.  Heating 
binary  as  well  as  ternary  alloys  at  1200°C  under  1  bar  Nx  transfers 
all  saaples  to  the  Halting  tie  line  at  the  nitrogen  rich  boundary  NbN 
+  BN,  equilibriua  being  reached  after  75h  of  nitrogen  exposure 
[89Kle] ) . 

As  seen  froa  a  coaparision  of  the  unit  cell  diaensions  there  is 
no  significant  solid  solubility  of  Nb  in  BN  up  to  1400°C,  and  autual 
solubilities  of  the  niobiua  borides  ,the  niobiua  nitrides  and  BN  up 
to  1200°C  are  rather  restricted  [89Kle]. 

THERMODYNAMICS 

A  theraodynanic  description  of  the  binary  systea  Nb-B  is 
due  to  [84Eau];  see  Table  2. 
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Table  1:  Solid  phases  in  the  systea  B-Nb-H 


Phase  / 

Pearson  Symbol/ 

Lattioe 

Coaaents 

Teaperature 

Spaoe  Group  / 

Paraaeters 

Range  (°C) 

Prototype 

<  pa  ) 

Nb 

cI2 

a=  330.04 

[90Mas] 

<2469° 

Ia3a 

9 

ft-rhB 

hRlll 

a=1092.51 

[85Vil] 

<2092° 

R3a 

0=2381.43 

[85Vil] 

ft-b 

a=1091 . 91 

[81Cre]  at  O.SatXNb 

c=2382.24 

»b.B, 

tPlO 

a=  619.79 

[89Kle] 

<2080° 

P4/aba 

U  Si 

•  a 

c=  329.26 

NbB 

oC8 

a=  329.74 

[89Kle] 

<2917° 

Caca 

b=  872.38 

CrB 

c=  316.69 

oC22 

a=  315.30 

[89Rle] 

Caaa 

b=2274 .4 

V* 

0=  330.49 

Rb,B4 

oI14 

a=  330.19 

[89Kle] 

<2935° 

Ibbb 

b=1406.2 

o=  314.51 

MbB, 

hP3 

a=  311.26 

[89Kle]  Nb-rich 

<3036° 

P6/BBB 

c=  326.27 

AlBa 

a=  308.61 

C89Kle]  B-  rich 

o=  330.69 

HbtH  (h2) 

hP9 

a=  526.7 

C85V113 

P3la 

cs  498.8 

V 

r~*  \\ 

tI14 

a=  438.2 

[85Vil] 

I4/bbb 

»b.». 

o=  863.2 
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A-MbM, 

i-x 

cF8 

PaSm 

NaCl 

a=  438.4 

[85Vil] 

*-MbH 

hP8 

P6t/nnc 

TiAs 

a=  295.8 

0=1127.3 

[85V11] 

HbA 

hP22 

P6#/nnc 

*beB<, 

a=  519.3 

c=1038 . 0 

[85Vil] 

Nb4Hs 

tI18 

1 4/m 

RhLi4N4 

a=  687.3 

c=  429.8 

[85Vil] 

B*hex 

hP* 

PB^/nnc 

BN. 

hex 

a=  250.4 

c=  666.1 

[85Vil] 

*  Mb^N 

ocie 

Cncn 

Mo  BC 

a=  317.12 

b=1785 . 04 

c=  311.45 

[88Rog , 89Kle] 

*  Nb  B  H 

*3  40  *0 

oP* 

[89Kle] 

Table  2:  Thernodynanic  data  for  the  systen  Nb-B-H 

Phase  AfG  (  J/gr anatom  )  Ref. 


1.0000 

Mb 

Afu40<Mb) 

=  18110-10.275  T 

[84Kau] 

1 . 0000 

B 

Afu.°<B> 

=  50210-21.23  T 

1 . 0000 

Mb 

Af0  (Mb) 

=  0 

0.2000 

Mb.B, 

Af0(Mb,B#) 

=  -51076+0.033  T 

0.5000 

NbB 

Af0<MbB) 

=  -82722-0.46  T 

0.1428 

Mb»B4 

Af0(Mb.B4) 

=  -70836+0.61  T 

0.3333 

NbBs 

Af0(MbBt) 

=  -85548+2.96  T 

1.0000 

flB 

Af0  (ffB) 

=  0 

Liquidate. B) 

A0#k=  x( 1- 

•x ){ -84336 (l-x)-234990x+4. 184  T) 

0.3333 

Mb#M 

Af0  <Mb,M> 

=  -90793+30.98  T 

[76Fro] 
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on 


[65 Bud] 


and 


Fig.l:  The  binary  system 
[89Kle] . 


Nb  -  B;  based 
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Fig. 2:  Isothermal  section  at  1200°C  in  the  system  Mb  -  B  -  N 
(in  the  absence  of  external  nitrogen) 


N 


Nb  20  **382  NbBNb3B<  NbB2  80  g 


Atom  Percent  Boron 
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Fig. 3:  Isothermal  section  at  1400°C  in  the  system  Nb  -  B  -  N 
under  a  vacuum  of  10”*Pa. 
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Atom  Percent  Boron 
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SYSTEM  BORON-  TANTALUM  -  NITROGEN  (B-Ta-N) 


INTRODUCTION  /  EXPERIMENTAL 

Infornations  on  the  Ta-B-N  ternary  are  due  to  a  recent 
investigation  by  [89Kle]  at  1400°  under  high  vacuum  or  at  1200°C 
under  1  bar  of  Ar  respectively.  Phase  relations  have  been 
established  fron  room  temperature  X-ray  powder  diffraction  analysis 
of  about  15  binary  and  25  ternary  samples  prepared  by  reaction 
sintering  of  cold  compacted  powder  blends  of  B,  BN,  Ta,  TaN  .and  of 
prealloyed  binary  borides,  which  prior  to  use  were  crushed  to  a 
particle  size  smaller  than  20vm  in  a  steel  mortar  and/or  a  NC-Co 
mortar  respectively  £89Kle].  For  annealing  in  a  1  MHz-HF  furnace  ( 
under  1  bar  of  5N-Ar  or  5N-N„  )  the  samples  were  kept  on  a  hex-BN 

m 

substrate  within  a  molybdenum  or  tungsten  susceptor  crucible.  Heat 
treatments  usually  consisted  of  a  primary  reaction  at  1200°C  for  70h 
followed  by  a  final  reaction  at  1200°C  up  to  144h  with  an 
intermediate  step  of  crushing  and  recompacting  to  ensure 
homogeneity.  Treatments  in  vacuum  (10~*Pa)  usually  were  64h  at 
1400°C.  After  heat  treatment  all  samples  were  radiation  cooled. 
Starting  materials  were  powders  of  3N-Ta,  crystallized  boron  (99.8 
X  B),  TaN  (99. 8X)  and  hexagonal  boron  nitride  of  99  X  nominal 
purity,  which  prior  to  use  was  outgassed  in  high  vacuum  at  1400°C. 
Binary  boride  master  alloys  were  prepared  by  arc  melting  the 
elements  together  on  a  water  cooled  copper  hearth  [89Kle] . 


BINARY  SYSTEMS 

The  reinvestigation  [89RKle]  of  the  B-Ta  system  in  the  range  from 
900  to  1600°C  revealed  consistency  with  the  data  available  in 
[84Vil],  and  [66Rud,71Por] ;  the  data  of  [66Rud]  are  preferred, 
however,  are  modified  with  respect  to  recent  reports  on  the 
existence  of  Ta0Ba  [900ka].The  maximal  solid  solubility  of  boron  in 
tantalum  was  claimed  to  be  less  than  2  atXB  at  2385°C  [68Rud]  ;  an 

interstitial  type  of  B-solubility  was  suggested  .  The  maximum  solid 
solubility  of  Ta  in  ft-b  was  reported  to  be  less  than  0.5  atX  Ta  at 
~1800°C  from  X-ray  powder  data  £81Cre]  (see  Table  1).  Fig.l  is  a 
representation  of  the  constitutional  diagram  Ta-B. 
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The  phase  diagram  for  the  system  Ta-H  is  essentially  based  on  the 
work  of  [83Ett]  and  [84Koy] .  A  detailed  discussion  of  solubility 
data  ,  physical  properties  and  thermodynamic  data  is  found  in 
[76Fro] . 

Crystallographic  infornation  on  the  binary  tantalum  conpounds  is 
found  in  Table  1. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Figs. 2, 3  represent  the  isothernal  sections  at  1200°C  under  1  bar 
Ar  and  at  1400°C  under  a  vacuun  of  10  *Pa  respectively  [89Kle] . 
Phase  equilibria  are  characterized  by  the  absence  of  ternary 
conpounds  and  by  compatibility  between  the  higher  tantalun  borides 
and  BN.  Tantalun  netal  is  not  compatible  with  BNh^x  due  to  the 
formation  of  a  stable  tie  line  TaB  -  Ta  N  at  temperatures  below 

x  l-X 

1400°C.  Heating  binary  as  well  as  ternary  alloys  at  1200°C  under  1 
bar  N2  transfers  all  samples  to  the  limiting  tie  line  at  the 
nitrogen  rich  boundary  TaN  +  BN,  equilibrium  being  reached  after  75h 
of  nitrogen  exposure  [89Kle]>.  High  pressure  experiments  (1000°C,6.0 
GPa)  proved  the  absence  of  hypothetical  "Ta^BN"  isotypic  with  NbaBN 
[88Rog] . 

As  seen  from  a  comparision  of  the  unit  cell  dimensions  there  is 
no  significant  solid  solubility  of  Ta  in  BN  up  to  1400°C,  and  mutual 
solubilities  of  the  tantalum  borides,  the  tantalum  nitrides  and  BN 
up  to  1200°C  are  rather  restricted  [89Kle] . 

THERMODYNAMICS 

Only  limited  information  on  the  thermodynamic  data  of  the  tantalum 
borides  and  nitrides  is  available;  see  Table  2. 
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Table  1:  Solid  phases  in  the  system  B-Ta-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

CoBBents 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

<  Pm  ) 

Ta 

cI2 

a=  330 • 30 

[90Mas] 

<3020° 

Ib3b 

W 

/?-rhB 

hRlll 

a=1092 .51 

[85Vil] 

<2082° 

R3m 

c=2381.43 

[85Vil] 

/J-B 

a=1082 . 05 

[BlCre] 

at  0.5atXTa 

c=2386.73 

Ta2B 

tI12 

a=  577.83 

[89Kle] 

2417-2040° 

14/ncn 

c=  486.38 

Ta  B 

Vi 

tPIO 

a=  619.27 

[89Kle] 

<2180° 

P4/mbm 

U  Si 

a  * 

c=  330.27 

TaB 

oC8 

a=  327.49 

[89Kle] 

<3090° 

Cdcb 

b=  868.16 

CrB 

c=  315.84 

TSB* 

oC22 

a= 

[900ka] 

Cbbb 

b= 

Vb 

c= 

Ta,B4 

oI14 

a=  328.84 

[89Kle] 

<3030° 

Ibbb 

b=1399.68 

Ta  B 

a  a 

o=  313.20 

TaBa 

hP3 

a=  309.73 

[89Rle] 

Ta-rich 

<3037° 

P6/BBB 

c=  322.57 

A1BS 

a=  305.86 

[98Kle] 

B-  rich 

c=  328.92 

TS*a 

c** 

a=1010. 

[85Vil] 

<780° 

TatR  (hi) 

hP3 

a=  304.76 

C85Vil) 

2950-1650° 

PS^/bbo 

FeaN 

o=  491.67 

Ta#N  <h2) 

hP9 

a =  526.5 

C85V11] 

<1850° 

P31b 

V 

c=  491.9 

^“TaH1_jt 

<1750° 

cF8 

Fb§b 

NaCl 

a=  433. 

C85V11] 

r-TaN 

hP6 

a=  519.6 

[85V11] 

<1950° 

P62b 

TaN 

c=  291.1 

TaeN* 

hP22 

P6#/bbc 

a=  516. 

c=1027. 

[85Vil] 

TaA 

tl  18 

I4/b 

RhLi4N4 

a =  683.1 

c—  426.9 

[85Vil] 

B«h.x 

hP* 

P6#/bbc 

BN. 

h«x 

a=  250.4 

c=  666.1 

[85Vil] 

Table  2:  Thernodynanic  data  for  the  systen  Ta-B-N 

Phase  AfG  (  J/tfraaaton  )  Ref . 


1.0000 

Ta 

A,u.G(Ta) 

=  36568. 2-11.224  T 

1.0000 

B 

-  50210-21.23  T 

1.0000 

Ta 

AfG  (Ta) 

=  0 

1 . 0000 

AfG  (flB) 

=  0 

0.3333 

Ta#N 

AfG(TaaN) 

=  -67920+17 .015  T 

[78Fro] 
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Fig. 1 :  The  binary  system 
[89Kle] . 


Ta  -  B;  based 


on 


[65Rud]  and 


128 


Fig. 2:  I sot he real  section  at  1200°C  in  the  systen  Ta  -  B  -  8 
(in  the  absence  of  external  nitrogen) 


N 


Fig.  3:  I  sot  hemal  section  at  1400°C  in  the  systes  Ta  -  B  -  N 
under  a  vacuus  of  lO^a. 


N 


Jq  20  TQjBj  TqB  Tq3B4  TqB2  0 

Atom  Percent  Boron 
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SYSTEM  BORON-  CHROMIUM  -  NITROGEN  <B-Cr-N) 


INTRODUCTION  /  EXPERIMENTAL 

Informations  on  tho  Cr-B-N  ternary  are  due  to  [51Kis,55Bre,80Kat] 
and  CB7§ai] . 

The  thernal  stability  of  binary  chroaiua  borides  was  investigated 
in  a  dry  stream  of  ammonia  at  temperatures  below  1180°C  by  [51Ris] . 
The  resistance  against  attack  by  ammonia  was  found  to  increase  with 
the  boron  content  and  no  mutual  solid  solubilities  were  observed  among 
borides  and  nitrides  [51Kis] .  Temperatures  below  700°C  were  observed 
to  be  insufficient  and  chromium  borides  remained  unchanged,  whereas  at 
temperatures  1100*  and  1180*C  the  decomposition  reaction  was  found  to 
be  coaplete  for  all  chromium  borides  reaching  the  limiting  tie  line 
CrzN  +  BN  [SlKis] . 

From  a  preliminary  study  of  the  thermodynamic  stability  of  chromium 
borides  [55Bre]  concluded  instability  of  the  tie  line  CrN  +  BN  under 
0.5  bar  Nz  and  temperatures  above  ea  1000°C;  similarly  the  CrzN  +  BN 
equilibrium  was  calculated  to  be  unstable  above  ca  1000  to  1200°C,  and 
in  the  temperature  region  1200  to  1700°C  the  chromium  borides  were 
said  to  remain  stable  under  a  partial  pressure  of  0.5  bar  Nz  [55Bre]. 

[BOKat]  reinvestigated  reactions  and  phase  relations  in  the  ternary 
system  at  1600°C  under  1  bar  Nz  revealing  the  formation  of  three-phase 
equilibria  among  two  solid  phases  and  nitrogen  i.e.  CrzN  +  CrzB  +  N, 
CrzB  +  Cr#Bz  ♦  N  and  Cr0B#  +  BN  ♦  N.  Accordingly  chroaiua  borides  with 
a  boron  content  higher  than  CrJBz  were  found  to  decompose  into  Cr#Bz  + 
BN.  For  CrBz  this  decomposition  process  was  demonstrated  to  follow  a 
stepwise  reaction  path  according  to  the  following  scheme  being 
complete  after  80  hrs: 

3  CrB#  ♦  N#  =  CrgB^  +  2  BN, 

Cr>B4  ♦  1/2  N#  =  3  CrB  ♦  BN  and 
5  CrB  +  N#  =  Cr^,  ♦  2  BN. 

Phase  equilibria  in  the  B-Cr-N  system  have  been  furthermore 
investigated  [87Smi]  at  1000°  under  high  vaouum  or  1  bar  Ar 
respeotively  and  at  1400°  under  1  bar  Ar  or  1  bar  Nz  respectively. 
Phase  relations  have  been  established  from  room  temperature  X-ray 
powder  diffraction  analysis  of  about  20  binary  and  40  ternary  samples 
prepared  by  reaotion  sintering  of  oold  oompacted  powder  blends  of  B, 
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BN,  Cr,  CrJA  or  CrN  , and  of  prealloyed  binary  boridos,  which  prior  to 
uso  ware  o rushed  to  a  particle  size  smaller  than  20*ai  in  a  steel 
sorter  and/or  a  NC-Co  sorter  respectively  [87§mi].  For  annealing  in  a 
1  MHz-HP  furnace  (  under  1  bar  of  5M-Ar  or  5N-N#  )  the  samples  were 
kept  on  a  hex-BN  substrate  within  a  molybdenum  or  tungsten  susceptor 
crucible.  Heat  treatments  in  vacuum  sealed  quartz  capillaries  usually 
consisted  of  a  primary  reaction  at  1000°C  for  170h  followed  by  a  final 
reaction  at  1000*C  (  or  1400°  respectively  )  for  up  to  400h  with  an 
intermediate  step  of  crushing  and  recompacting  to  ensure  homogeneity. 
After  heat  treatment  all  samples  were  radiation  cooled.  Starting 
materials  were  powders  of  3N-Cr,  crystallized  boron  (89.8  X  B),  CrN, 
CrsN  (99. 8%)  and  hexagonal  boron  nitride  of  99  X  nominal  purity, 
which  prior  to  use  was  outgassed  in  high  vacuum  at  1400°C.  Binary 
boride  master  alloys  were  prepared  by  arc  melting  the  elements 
together  on  a  water  cooled  copper  hearth  [87§mi] . 

BINARY  SYSTEMS 

The  re investigation  [87Smi]  of  the  B-Cr  system  in  the  range  from 
900  to  1600°C  revealed  consistency  with  the  data  available  in  [84V11], 
and  [90Mas].  The  maximal  solid  solubility  of  boron  in  chromium  was 
claimed  to  be  0.72  atXB  at  1100°C  [B4Sha]  or  0.6  atXB  at  1500°C 
[71Bor]  ;  an  interstitial  type  of  B-solubility  was  suggested  The 
maximum  solid  solubility  of  Cr  in  fl-B  was  reported  to  be  less  than  2.4 
atX  Cr  at  ~1800°C  from  X-ray  single  crystal  data  by  [70And]  (see  Table 
1).  "Cr^T,  CrJJj"  and  tetragonal  Mt-CrtB”  with  the  CuAl^-type  were 
shown  to  be  impurity  phases  or  metastable  [87§mi].  The  existence  of 
the  CrB-type  has  been  confirmed  from  samples  annealed  above  1000°C, 
whereas  alloys  prepared  from  sinter  procedures  at  temperatures  below 
1000°C  revealed  an  X-ray  powder  pattern  essentially  corresponding  to 
the  HoB-type  [87§mi].  It  was  shown  that  the  X-ray  pattern  merely 
arises  from  rather  statistically  than  regularly  ocurring  shifts  by  a 
vector  of  l/2(  a+b  )CrB  without  long  range  order  and  with  an  overall 
average  length  of  oa  80  S  for  the  undisturbed  MoB-type  units  [87Smi]. 
CrJJ#  was  never  observed  in  alloys  heat  treated  below  1200°C  and  thus 
was  suspeoted  to  be  a  high  temperature  oompound  [87§mi].  Fig.l  is  a 
representation  of  the  constitutional  diagram  Cr-B. 

The  phase  diagram  for  the  system  Cr-N  is  taken  from  [88Mof] 


132 


nodif ied  aooording  to  [76Fro].  The  two  ohroniua  nitrides  reported, 
Cr#H  end  CrN,  ere  nnsteble  et  1000°C  for  p(Nz)  less  then  70  Pa.  A 
deteiled  discussion  of  solubility  dete  ,  physical  properties  and 
thersodynesio  dete  is  found  in  [76Fro] . 

Crystallographic  inforsetion  on  the  binery  chrosiun  oonpounde  is 
found  in  Teble  1. 

SOLID  PHASES  /  ISOTHERMAL  SBCTIOHS 

Figs. 2-6  represent  the  isothersel  sections  et  1600°C  under  1  bar 
Nz  after  [80Kat],  end  et  1000°C  under  1  bar  Ar  (  from  alloys  sealed  in 
quartz  capillaries),  et  1000°C  under  high  vacuus  and  at  1400°C  under  1 
bar  Ar  (  in  the  absence  of  external  nitrogen  pressure  )  and  under  1 
bar  N#  respectively  [87§ai].  Phase  equilibria  are  characterized  by  the 
absence  of  ternary  conpounds  and  by  conpatibility  between  the  higher 
chrosiun  borides  end  BN.  Chrosiun  netal  is  not  conpatible  with  BN. 

n#x 

due  to  the  fornation  of  a  stable  tie  line  CrJS  -  Cr  N  at  1000°C.  The 

Z  Z 

liniting  tie  line  CrN  +  BN  and  the  fornation  of  a  three-phase 
equilibrius  CrN  4  BN  4  N  at  100Q°C  is  due  to  nitrogen  build-up  within 
the  sealed  quartz  capsules  stabilizing  CrN  (Fig3).  Application  of  a 
high  vacuus  (10~*Pa)  et  1000°C  results  in  a  rapid  deconposition  of  CrN 
4  BN  into  CraN  4  BN  followed  by  a  subsequent  but  rather  slow 
deconposition  of  Cr^N  (Fig. 4, [875ni] )  in  perfect  egreesent  with  the 
deconposition  pressure  of  the  binary  chroniun  nitrides  (see 
[78Fro,70Hil]). 

Phase  equilibria  et  1400°C  end  1  bar  Ar  ere  characterized  by  the 
instability  of  CrN  end  Cr^N  end  by  an  increased  stability  of  the 
binery  ohroniua  borides  against  nitrogen  (Fig. 5).  Heating  binary  as 
well  as  ternary  alloys  at  1400°C  under  1  bar  Nz  transfers  all  sanples 
to  the  Uniting  tie  line  at  the  nitrogen  rich  boundary  CrsN  4  BN, 
equilibriua  being  reaohed  after  75h  of  nitrogen  exposure  (Fig. 6, 
£87gaiJ). 

As  seen  fron  a  ooaparision  of  the  unit  cell  dinensions  there  is  no 
significant  solid  solubility  of  Cr  in  BN  up  to  1600°C,  and  nutual 
solubilities  of  the  ohroniua  borides,  the  ohroniun  nitrides  and  BN  up 
to  1600°C  are  rather  restricted  [80Kat,87$ni] . 
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THERMODYNAMICS 


A  thernodynasio  node 1 ling  of  the  binary  systes  Cr-B  is  due  to 
[86Lia];  see  Table  2.  Thernodynanic  data  of  the  ohrosius  nitrides  are 
due  to  [76FroJ  and  [70Mil]. 
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Table  1:  Solid  phases  in 

the 

systea  B-Cr-N 

Phase  / 

Pearson  Syabol/ 

Lattice 

Coaaents 

Teaperature 

Space  Group 

/ 

Paraaeters 

Range  (°C) 

Prototype 

(  pa  ) 

Cr 

cI2 

a=  388.48 

[90Mas] 

<1863° 

Id3d 

U 

ft-  rhB 

w 

hRlll 

a=1092.51 

[85Vil] 

<2082° 

R3a 

c=2381.43 

[85Vil] 

ft-B 

a=1096 . 66 

[81Cre]  at  2.4at%Cr 

c=2385 . 14 

Cr^B 

oF40 

a=1470.6 

[87Sai] 

<1870° 

Fddd 

b=  741.33 

o-MnfB 

c=  425.35 

Cr*B, 

tI32 

a=  546.40 

[87§ai] 

< 1900°C 

14/aca 

c=1011.0 

Cr  B 

S  B 

T-CrB 

tzie 

a=294 . 93 

[87§ai] 

<1000° 

Tran spos. Type 

b=  786.4 

a-MoB-rel . 

c=  294.32 

ft-Crb 

oC8 

a=  296.89 

[87§ai] 

<2095° 

Cbob 

b=  786.89 

CrB 

c=  293.33 

Cr,B4 

oI14 

a=  298.56 

[87§ai] 

<2078* 

Ibbb 

b=1302.2 

o=  295.25 
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Cr  B 
*  * 

oC20 

a=  302.64 

[8?0ka] 

Caen 

b=1811.5 

Vs 

CrB# 

hP3 

a=  297.32 

[87§ni] 

<2200° 

PS/naun 

c=  307.25 

aib2 

CrB4 

oIIO 

a=  474.99 

[87Sni] 

<1450° 

Inna 

b=  547.89 

CrB4 

O-  286.82 

Cr2N 

hP9 

a=  479.6 

[85Vil] 

P6a22 

e=  447.0 

[87Sni] 

MnA.  .« 

CrN 

cF8 

a=  414.8 

[87Sni] 

Fn3n 

NaCl 

BN 

hmx 

hP* 

a=  250.4 

[85Vil] 

P68/nnc 

c=  666.1 

BN 

h*x 

Table  : 

2:  Thernodynanic  data  for  the  systen 

Cr-B-N 

Phase 

AfG  (  J/granaton  ) 

Ref. 

1.0000 

Cr 

Afu.GCCr)  = 

21004-9.6349  T 

[86Lia] 

1.0000 

B 

Afu.G(B)  = 

50210-21.23  T 

1.0000 

Cr 

AfG  (Cr)  = 

Q 

0.3333 

CrtB 

AfG  <CraB>  = 

-28285-0.330  T 

0.1250 

Cr  B 

»* 

AfG  <Cr„Ba)= 

-38700-2.300  T 

0.5000 

CrB 

AfG  (CrB)  = 

-39920+0.395  T 

0 . 1428 

Cr  B 
r« 

AfG  (Cr,B4)= 

-40788-0.584  T 

0.3333 

CrBf 

AfG(CrBa)  = 

-41432+0.818  T 

0.2000 

CrB4 

AfG(CrB4)  = 

-24723+0.400  T 

1.0000 

(* 

AG  (fiB)  = 

0 

Liquid(Cr,B) 

AG*“=  x( 1-x) {-181050+35. 66  T 

+  52800C l-2x)+18600( l-2x)* 

-34200(  l-2x)*+13700(  l-2x)4) 

0.3832 

CVo. 

-30883.4+15.22  T 

[76Fro] 
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TEMPERATURE 


Fig. 2:  Isothermal  section  at  1600°C  in  the  system  Cr  -  B  -  H 
under  1  bar  N,  (  after  [80Kat]  ) 

Z 


N 
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Fig. 3:  Isothermal  section  at  1000°C  in  the  system  Cr  -  B  -  H 

from  samples  sealed  in  quartz  capillaries  (in  the  absence  of 

external  nitrogen) 


o  single  phase 
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,60  0 


Cr-B-N 

Isotherm 
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(1832  F) 


% 

:s 
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Fig. 4:  Isothermal  section  st  1000°C  in  the  system  Cr  -  B  -  H 
under  a  high  vacuum  (10~4Pa) 


Cr  20  Cr2 B  Cr5B3  CrB  CrB2  CrB<  B 
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Fig. 5:  Isothermal  section  at  1400®C  in  the  system  Cr  -  B  -  N 

under  1  bar  Ar  <  in  the  absence  of  external  nitrogen 

pressure) 
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Fig. 6:  Isothernal  section  at  1400°C  in  the  systes  Cr  -  B  -  H 
under  1  bar  Ns 
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SYSTEM  BORON-  MOLYBDENUM  -  NITROGEN  (B-Ho-H) 

INTRODUCTION  /  EXPERIMEHTAL 

Informations  on  the  Mo-B-N  ternary  are  due  to  [69Bael,2] 
(see  section  Ttormodyriamic<i.)J>  and  [88Kle] . 

Phase  equilibria  in  the  B-Mo-N  system  have  been  established  at 
1200°,  1400°,  and  1600°C  fron  room  temperature  X-ray  powder 

diffraction  analysis  of  samples  prepared  by  reaction  sintering  of 
powder  compacts  of  B,  BN,  Mo, and  of  prealloyed  binary  borides,  which 
prior  to  use  were  crushed  to  a  particle  size  smaller  than  20 mb  in  a 
steel  mortar  and/or  a  WC-Co  mortar  respectively  [88Rle].  For 

annealing  the  samples  were  kept  on  a  hex-BN  substrate  within  a 

molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in  a  1 

MHz-HF  furnace  (  under  1  bar  of  SN-Ar  or  5N-N  )  usually  consisted 
of  a  primary  reaction  at  1200  C  for  36h  followed  by  a  final  reaction 

at  1200°C  or  1400°,  1600°C  respectively  for  up  to  64h  with  an 

intermediate  step  of  crushing  and  recompacting  to  ensure 

homogeneity.  Temperatures  were  monitored  by  calibrated  microoptical 
pyrometry  and  after  heat  treatment  all  samples  were  radiation 

cooled. Starting  materials  were  powders  of  3N-Mo,  crystallized  boron 
(99.8  X  B),  and  hexagonal  boron  nitride  of  99  X  nominal  purity, 
which  prior  to  use  was  outgassed  in  high  vacuum  at  1400°C.  Binary 
boride  master  alloys  were  prepared  by  arc  melting  the  elements 
together  on  a  water  cooled  copper  hearth  [88Kle] . 

BINARY  SYSTEMS 

The  re investigation  of  the  B-Mo  system  in  the  range  from  1200  to 
1600°C  revealed  consistency  with  the  data  available  in  [84Vil],  and 
[90Mas]  amended  by  mass  spectrometer  data  of  [77Sto]  determining  the 
homogeneous  ranges  of  the  molybdenum  borides.  The  solid  solubility 
of  boron  in  molybdenum  was  claimed  to  be  less  than  2  atXB  at  the 
Mo-MosB  eutectic  temperature  (  2175°C);  an  interstitial  type  of 
B-solubility  was  suggested  [65Rud].  The  maximum  solid  solubility  of 
Mo  in  ft-b  was  reported  to  be  less  than  0.5  atX  Mo  at  ~1800°C  [65Rud] 
in  agreement  with  X-ray  data  by  [81Cre]  (see  Table  1).  Fig.l  is  a 
representation  of  the  constitutional  diagram  Mo-B. 

The  phase  diagram  for  the  system  Mo-N  in  [90Mas]  is  based  on  the 
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original  diagrams  of  [7GEtt]  and  [78Jeh];  a  oritioal  asseasaent 
including  the  region  below  1000°C  is  due  to  [80Bre] .  The  binary 
aolybdenua  nitrides  are  unstable  at  T  >  1000°C  and  P(H2)  <  10s  Pa 
[78Jeh].  A  detailed  discussion  of  solubility  data  ,  physical 
properties  and  theraodynaaic  data  is  found  in  [78Fro] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Figs. 2-4  represent  the  isotheraal  sections  at  1200°C,  1400°C  and 
1600°C  under  1  bar  of  argon  (in  the  absence  of  external  nitrogen 
pressure)  [88Kle].  Phase  equilibria  are  characterized  by  the  absence 
of  ternary  coapounds  and  by  coapatibility  between  the  higher 
aolybdenua  borides  and  BN.  Phase  equilibria  were  found  to  be  rather 
dependent  on  the  nitrogen  partial  pressure.  The  stability  of  the  ( 
Mo  +  BN)-  and  the  (MozB+BN )-two  phase  equilibria  as  a  function  of  T 
and  p(N2)  were  investigated  [88Kle]  in  good  agreeaent  to  earlier 
data  by  [69Bael,2]  and  confira  the  observed  phase  equilibria  (  see 
also  section  7?»*rmo<iynaiR£cs  ).  Thus  at  1200°C  and  under  1  bar  Ar 
(Mo  +  BN)  decoaposes  to  Mo  B  +  N,  ,  and  siailarly  at  higher 

m  m 

teaperatures  (1400,  1800°C)  the  subboride  Mo^B  becoaes  incoapatible 
with  BN  and  decoaposes  under  foraation  of  MoB  +  Ns  [88Kle] .  Phase 
equilibria  were  furtheraore  checked  at  1400°C  applying  a  vacuus  of 
10~*Pa  for  lOOh  revealing  a  rapid  decoaposition  of  (Mo-fBN)  starting 
coapositions  into  Mo^B,  MoB,  and  MoB+BN  [88Kle] .  The  kinetic  of 
nitriding  binary  aolybdenua  borides  was  studied  at  1200  and  1400°C 
under  1  bar  of  6N-NZ  and  confiraed  the  phase  equilibria  in  Figs. 2-4 
[88Kle] . 

As  seen  froa  a  coaparision  of  the  unit  cell  diaensions  there  is 
no  significant  solid  solubility  of  Mo  in  BN  up  to  1000°C,  and  autual 
solubilities  of  the  aolybdenua  borides  and  BN  up  to  1600°C  are 
rather  restricted  [88Kle] . 

THERMODYNAMICS 

A  theraodynaaic  aodelling  of  the  binary  systea  Mo-B  is  due  to 
[88Spe];  see  Table  2. 
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[69Bael,2]  studied  the  reaction  of  Mo  and  BH  using  a 
Thor aoba lance.  Froa  these  measurements  the  activation  energies  for 
the  f ones t ion  of  the  binary  borides  sere  derived.  Furthermore  the 
onset  of  the  reaction  2Ho  +  BH  =======  MosB  +  1/2H#  sas  measured  as 

a  function  of  the  nitrogen  partial  pressure  yielding  free  enthalpy 
data  for  the  reaction  and  data  for  the  free  enthalpy  of  formation 
for  HozB. 
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Table  1:  Solid  phases  in  the  system  B-Mo-N 


Phase  / 

Pearson  Symbol/ 

Lattioe 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

<  pm  ) 

Mo 

cI2 

a=  314.70 

£90Mas] 

<2623° 

ImSm 

W 

f?-rhB 

hRlll 

a=1092.51 

[85Vil] 

<2092° 

R3m 

0=2381.43 

[85Vil] 

ft-b 

8=1093.03 

[81Cre]  at  0.5atXMo 

0=2382.17 

MoaB 

tI12 

8=  554.80 

[88Kle] 

<2280° 

14/mcm 

c=  474.06 

Al^Cu 

a-MoB 

tI16 

8=  310.68 

[88Kle] 

<2180° 

1 4 1/ and 
a-MoB 

0=1696.18 

p-HoB 

oC8 

8=  314.02 

C88Kle] 

<2800° 

Cmcm 

b=  848.90 

CrB 

c=  307.10 

MoBs 

hP3 

8=  303.76 

[88Kle] 

2375-1517° 

P6/mmm 

A1B, 

c=  306.03 

«o,Be 

hR7 

8=  301.17 

[88Kle] 

<2140° 

R3m 

c=2094.9 

MO.B, 

MV„B. 

hP 

a=  520.36 

[88Kle] 

<1807° 

P6#/mmc 

M  B. 

l-N  • 

c=  635.02 

tl  12 

8=  420. 

[85Vil] 

<850° 

14t/amd 

o=  801. 

Y- MoaH 
<1950° 

oF8 

FbSb 

HaCl-defect 

a=  416.5 

[85V11] 

d-MoN 

hPie 

a=  572.5 

[85V11] 

PB^/bbc 

HoN 

c=  560.8 

>0.085  GPa 

hP* 

P6s/bbc 

BN. 

h*x 

a=  250.4 

c=  668.1 

[85Vil] 

Table  2:  Thernodynanic  data  for  the  aysten  Mo-B-N 

Phase  AfG  (  J/granaton  )  Ref. 


1.0000 

Ho 

A  G(Mo) 
fua 

=  37479.8-12.942 

7  [88Spe 

1 . 0000 

B 

Afu.G<B> 

=  50210-21.23  T 

1.0000 

Mo 

AfG  (Mo) 

=  0 

0.3333 

Mo2B 

AfG  (MoaB) 

=  -42860+2.43  T 

0.5000 

HoB 

AfG(MoB) 

=  -53170+0.47  T 

0.3769 

AfG<MoB*.«a> 

-  -45690-0.22  T 

0.3170 

MoB..«s 

A^GCMoB^  t9s) 

=  -50940+4.27  T 

0.2079 

MoB~a.  ^ 

AfG<MoB-a.e,> 

-  -34107+3.13  T 

1 . 0000 

PR 

AG  <(3B) 

-  0 

Liquid(Mo.B)  AG**=  x(l-x){- 

148435+10.90  T  +  21000( l-2x)+25305( l-2x)*} 

0.3333 

HoJH 

AfG<MoaN> 

=  -19107.4+17.97 

r  [76Fro] 
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TEMPERATURE 


Fig.l:  The  binary  system  Mo  -  B;  based  on  [65Rud,77Sto]  and  [88Kle]. 
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Fig. 2:  Isothernal  section  at  1200°C  in  the  systen  Mo  -  B  -  H 
under  Ar  (in  the  absence  of  external  nitrogen) 


o  single  phase 
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Fig.  3:  I  sot  hemal  section  at  14Q0°C  in  the  systen  Mo  -  B  -  N  under 
Ar  (in  the  absence  of  external  nitrogen) 


N 
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Fig. 4:  Isothernal  section  at  1600°C  in  the  systea  Mo  -  B  - 
Ar.<in  the  absence  of  external  nitrogen) 
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SYSTEM  BORON-  TUNGSTEN  -  NITROGEN  (B-N-N) 


INTRODUCTION  /  EXPERIMENTAL 

Informations  on  the  W-B-N  ternary  are  due  to  [51Kis], 
[69Bael,2]  (see  section  T?\ermo<fynamic4)  ■>  and  [88Rle] . 

The  thermal  stability  of  the  binary  tungsten  borides  was 
investigated  in  a  dry  stream  of  ammonia  at  temperatures  below  1100°C 
by  [51Kis].  The  resistance  against  attack  by  ammonia  was  found  to 
increase  with  the  boron  content  and  no  mutual  solid  solubility  was 
observed  [51Kis]. 

Phase  equilibria  in  the  B-W-N  system  have  been  established  at 
1200°,  1400°,  and  1600°C  from  room  temperature  X-ray  powder 

diffraction  analysis  of  samples  prepared  by  reaction  sintering  of 
powder  compacts  of  B,  BN,  W  , and  of  prealloyed  binary  borides,  which 
prior  to  use  were  crushed  to  a  particle  size  smaller  than  20a4q  in  a 
steel  mortar  and/or  a  WC-Co  mortar  respectively  [88Kle] .  For 
annealing  the  samples  were  kept  on  a  hex-BN  substrate  within  a 
molybdenum  or  tungsten  susceptor  crucible.  Heat  treatments  in  a  1 
MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-N2  )  usually  consisted 
of  a  primary  reaction  at  1200°C  for  96h  followed  by  a  final  reaction 
at  1200°C  (or  1400°,  1800°C  respectively  )for  up  to  70h  with  an 
intermediate  step  of  crushing  and  recompacting  to  ensure 

homogeneity.  Temperatures  were  monitored  by  calibrated  microoptical 
pyrometry  and  after  heat  treatment  all  samples  were  radiation 
cooled. Starting  materials  were  powders  of  3N-W,  crystallized  boron 
(99.8  X  B),  and  hexagonal  boron  nitride  of  99  X  nominal  purity, 
which  prior  to  use  was  outgassed  in  high  vacuum  at  1400°C.  Binary 
boride  master  alloys  were  prepared  by  arc  melting  the  elements 
together  on  a  water  cooled  copper  hearth  [88Kle] . 

BINARY  SYSTEMS 

The  re investigation  of  the  B-W  system  in  the  range  from  1200  to 
1600  C  revealed  consistency  with  the  data  available  in  [84Vil],  and 
[90Mas].  The  maximal  solid  solubility  of  boron  in  tungsten  was 
claimed  to  be  less  than  1  atXB  at  the  H-N^B  eutectic  temperature  ( 
2600°C);  an  interstitial  type  of  B-solubility  was  suggested  [65Rud], 
The  maximum  solid  solubility  of  W  in  ft-B  was  reported  to  be  less 
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than  0.5  atX  W  at  ~1800°C  [65Rud]  in  agreement  with  X-ray  data  by 
[81Cre]  (see  Table  1).  Fig.l  is  a  representation  of  the 
constitutional  diagram  W-B. 

No  phase  diagram  is  available  for  the  system  W-N  ;  a  critical 
assessment  is  due  to  [89Wri].  The  binary  tungsten  nitrides  are 
unstable  at  T  >  1000°C  and  p(N2)  <  10®  Pa  [89Wri] .  A  detailed 
discussion  of  solubility  data  ,  physical  properties  and 
thermodynamic  data  is  found  in  [76Fro] . 


SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Figs. 2-4  represent  the  isothermal  sections  at  1200°C,  1400°C  and 

1600°C  under  1  bar  of  argon  (in  the  absence  of  external  nitrogen 

pressure)  [88Kle] .  Phase  equilibria  are  characterized  by  the  absence 

of  ternary  compounds  and  by  compatibility  between  the  higher 

tungsten  borides  and  BN.  Phase  equilibria  were  found  to  be  rather 

dependent  on  the  nitrogen  partial  pressure.  The  stability  of  the  (  W 

+  BN)-  and  the  (W2B  +  BN)-two  phase  equilibria  as  a  function  of  T 

and  p(N2)  were  investigated  [88Kle]  in  good  agreement  to  earlier 

data  by  [51Kis],  [69Bael,2]  and  confirm  the  observed  phase 

equilibria  (  see  also  section  Thermodynamics  ).  Thus  at  1200  and 

1400°C  and  under  1  bar  Ar  (W  +  BN)  decomposes  to  H^B  +  N2  ,  and 

similarly  at  higher  temperatures  (1600°C)  the  subboride  W2B  becomes 

incompatible  with  BN  and  decomposes  under  formation  of  WB  +  Nz 

[88Kle].  Phase  equilibria  were  furthermore  checked  at  1400°C 

-4 

applying  a  vacuum  of  10  Pa  for  lOOh  revealing  a  rapid  decomposition 
of  (H+BN)  starting  compositions  into  W2B,  NB,  and  WB+BN  [88Kle].  The 
kinetic  of  nitriding  binary  tungsten  borides  was  studied  at  1200  and 
1400°C  under  1  bar  of  6N-N2  and  confirmed  the  phase  equilibria  in 
Figs. 2-4  [88Kle] . 

As  seen  from  a  comparision  of  the  unit  cell  dimensions  there  is 
no  significant  solid  solubility  of  N  in  BN  up  to  1000°C,  and  mutual 
solubilities  of  the  tungsten  borides  and  BN  up  to  1600°C  are 
rather  restricted  [88Kle]. 
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THERMODYNAMICS 

A  calculation  of  the  W-B  binary  system  was  attempted  by  [84Kau]; 
see  Table  2. 

[69Bael,2]  studied  the  reaction  of  W  and  BN  using  a 
Theraobalance .  From  these  measurements  the  activation  energies  for 
the  formation  of  the  binary  borides  were  derived.  Furthermore  the 
onset  of  the  reaction  2  V  +  BN  =======  W  B  +  1/2N,  was  measured  as 

a  function  of  the  nitrogen  partial  pressure  yielding  free  enthalpy 
data  for  the  reaction  and  data  for  the  free  enthalpy  of  formation 
for  ¥XB. 


155 


REFERENCES 


[51Kis] 

[65Rud] 

[69Bael] 

[69Bae2] 

[76Fro] 

[81Cre] 

[84Kau] 

[85Vil] 

[88Kle] 

[88Wri] 

[90Has] 


R. Kiessling  and  Y.H.Liu  /'The  Thermal  Stability  of  The 
Chromium, Iron,  and  Tungsten  Borides  In  Stressing  Annonia 
and  The  Existence  of  a  Hew  Tungsten  Nitride"  Trans. AIME 
-J. Metals  3  (1951)  639-642 

E. Rudy  and  S.Windisch,  "  The  System  Molybdenum  -  Boron  ", 
AFML-Technical  Report  2, Part  I,  Vol . Ill , Wright  Patterson 
Air  Force  Base,  Ohio  (1965)  pp.  1-72 

F. D.Baehren  and  D.Vollath,  “A  Determination  of  The 
Thermodynamic  Data  of  The  Borides  Mo  B,  W  B  and  Re  B"  (in 

2  2  9 

German),  Planseeber .f .Pulvermetall. ,  17  (1969)  180-183 
F.D.Baehren,  F.Thuemmler  and  D.Vollath,  “The  Kinetics  of  The 
Formation  of  The  Borides  of  Mo,W  and  Re  from  Boron  Nitride- 
Metal  Powder  Mixtures"  (in  German),  J.  Less-Common  Metals, 

18  (1969)  295-303 

E.  Fromm, and  E.Gebhardt,  "Gases  and  Carbon  in  Metals" 
(Springer,  Berlin, 1976) 

A. J. Crespo,  L .E .Tergenius  and  T .Lundstroem,  "The  Solid 
Solution  of  $d,  5d  and  Some  p  Elements  in  ft-rh  Boron",  J. 
Less-Common  Metals,  77  (1981)  147-150 

L. Kaufman,  B.Uhrenius,  D.Birnie  and  K.  Taylor,  "Coupled  Pair 
Potential,  Thermochemical  and  Phase  Diagram  Data  for 
Transition  Metal  Binary  Systems-VII” ,  CALPHAD  8  (1984)  25-66 
P.Villars  and  L.D. Calvert, "Pearsons  Handbook  of  Crystallogr. 
Data  for  Intermetallic  Phases"  (Amer.Soc. Met. , Metals  Park, 
Oh,  1985) 

H.Klesnar  and  P.Rogl  "Phase  Relations  in  The  Ternary 
System  :Tungsten  -  Boron  -  Nitrogen",  research  at  the  Univ. 
Vienna,  (1988)  ,to  be  published 

H.A.Wriedt,  "The  W-N  System",  Bull.  Alloy  Phase  Diagram  10 
(1989)  358-387 

T.B.  Massalski  (ed),  "Binary  Alloy  Phase  Diagrams",  2nd  Ed., 
Amer.Soc. Met. ,  Metals  Park, Oh,  1990. 


156 


Table  1:  Solid  phases  in  the  systen  B-W-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

<  pm  > 

W 

cI2 

a=  316.52 

[90Has] 

<3422° 

Im3m 

W 

ft-rhb 

hRlll 

a=1092 . 51 

[85Vil] 

<2092° 

R3m 

c=2381.43 

t85Vil] 

ft-b 

a=1093 . 82 

[8lCre]  at  0.5atXW 

c=2383.56 

V 

tI12 

a=  556.50 

[88Kle] 

<2670° 

I4/mcm 

Al^Cu 

c=  474.32 

a-WB 

tI16 

a=  310.09 

[88Kle] 

<2170° 

I4t/amd 

o-MoB 

c=1695 . 6 

P-¥b 

oC8 

a=  314.2 

[65Rud] 

<2665° 

Cmcm 

b=  850.6 

CrB 

c  =  306.5 

Vs 

hP14 

a=  298.45 

[88Kle] 

<2365° 

P68/mmc 

Vs 

c=1387 . 3 

W  B 

ft— X  s 

hP 

a=  519.76 

[88Rle] 

<2020° 

P6#/mmc 

Mft-XB. 

c=  633.51 

W#N 

cF8 

a =  412.6 

[85Vil] 

FmSm 

NaCl 

d-MH 

hP2 

a=  289.3 

[85Vil] 

PSm2 

c=  282.6 

«C 
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BN 


hex 


hP* 


P6g/nnc 


BN 


Hex 


a=  250.4  [85Vil] 

c=  686.1 


Table  2:  Thermodynamic  data  for  the  system  W-B-N 

Phase  AfG  (  J/gramatom  )  Ref. 


1.0000 

w 

Afu.G<«> 

- 

52313.69-14.158  T 

[84Kau] 

1.0000 

B 

Afu.G<B> 

- 

50210-21.23  T 

1.0000 

¥ 

AfG  (W) 

- 

0 

0.3333 

¥ZB 

AfG  (W^B) 

= 

-41783+1.406  T 

0.5000 

WB 

AfG(WB) 

= 

-54392+1.125  T 

0.7140 

V. 

AfG<W 

= 

-55229+2.564  T 

0.8000 

wb„4 

AfG(WB^4) 

- 

-41840+2.075  T 

1.0000 

(to 

AfG  {(to) 

- 

0 

Liquid(N.B)  A  a#x=  x< l-x){-75312-215058  x  -8.368  T} 


TEMPERATURE 


B;  based  on  [65Rud] 


Fig. 2:  Isothermal  section  at  1200°C  in  the  system  ¥  -  B  -  H 
under  Ar  (in  the  absence  of  external  nitrogen) 


W  20  w2b  «c-wb  w2b5  w,.xb3  b 


Atom  Percent  Boron 
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Fig. 3:  Isothermal  section  at  1400°C  in  the  system  W  -  B  -  H  under 
Ar  (in  the  absence  of  external  nitrogen) 


w  w2B  «-wb  w2b6  w,.,b3  B 


Atom  Percent  Boron 
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Fig. 4:  Isothermal  section  at  1600°C  in  the  system  W  -  B  -  N  under 
Ar  (in  the  absence  of  external  nitrogen) 
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SYSTEM  BORON-  MANGANESE-  NITROGEN  (B-Mn-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Mn-N  system  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples 
prepared  by  reaction  sintering  of  powder  compacts  of  B,  BN,  Mn, 
Mn^N,  and  of  prealloyed  binary  borides,  which  prior  to  use  were 
crushed  to  a  particle  size  smaller  than  20/Jm  in  a  steel  mortar 
and/or  a  WC-Co  mortar  respectively  [89Smi].  Annealing  of  the  samples 
was  either  performed  (a)  in  vacuum  sealed  silica  tubes  using  a  thin 
molybdenum  foil  to  protect  the  sample  from  direct  contact  with  the 
hot  quartz  wall  or  (b)  in  a  1  MHz-HF  furnace  under  1  bar  of  5N-Ar 
or  under  various  partial  pressures  of  5N-Nz  using  hex-BN  substrates 
in  a  tungsten  or  molybdenum  susceptor  crucible.  Heat  treatments 
usually  consisted  of  a  primary  reaction  at  900°C  for  72  to  120h 
followed  by  a  final  reaction  at  900°C  up  to  700h  with  an 
intermediate  step  of  crushing  and  recompacting  to  ensure 
homogeneity.  Temperatures  were  either  monitored  by  calibrated 
microoptical  pyrometry  or  by  thermocouples;  after  heat  treatment  the 
samples  were  radiation  cooled  <  HF-furnace  )  or  quenched  in  water  ( 
silica  capsules  ).  Some  of  the  samples  were  quenched  in  liquid 
nitrogen.  In-situ  high  temperature  X-ray  data  were  recorded  under 
Ti-gettered  He  using  a  W-sheet  metal  substrate  and  Au-powder  as 
internal  standard  [89§mi] . 

The  starting  materials  were  powders  from  3N-Mn  plates,  surface 
cleaned  in  dilute  HC1  prior  to  use,  powders  of  99  X  Mn2N, 
crystallized  boron  <99.8  X  B),  and  hexagonal  boron  nitride  of  99  X 
nominal  purity,  which  prior  to  use  was  outgassed  in  high  vacuum  at 
1400°C.  Binary  boride  master  alloys  were  prepared  by  arc  melting  the 
elements  together  on  a  water  cooled  copper  hearth  or  by  direct 
sintering  under  argon;  weight  losses  were  checked  to  be  within  1  wtX 
[89§mi] . 

BINARY  SYSTEMS 

The  reinvestigation  of  the  B-Mn  system  from  as-cast  alloys  and  in 
the  range  from  800  to  1250°C  confirmed  the  existence  of  six  binary 


163 


manganese  borides  [89&mi] .  In  contrast  to  earlier  data  there  is 
essential  consistency  with  the  data  available  frost  a  recent 
compilation  by  [86Lia].  The  low  tenperature  nod if ication  of  a-MnB 
was  unanbiguosly  revealed  to  be  CrB-type  fron  X-ray  diffactonetry  of 
single  crystals  grown  by  iodine  vapour  transport  [89?mi]. 
Honogeneous  ranges  of  the  binary  borides  at  900°C  were  found  to  be 
rather  snail  except  for  MnB,  indicating  a  typical  "line-compound" 
type  of  character.  The  solid  solubility  of  boron  in  the  various 
allotropes  of  nanganese  (interstitial  type)  was  claimed  to  be  less 
than  0.5  to  1.0  atXB .  Fron  X-ray  powder  analysis  the  maximum  solid 
solubility  of  Mn  in  ft-B  was  concluded  to  be  about  4.2  atZHn  at 
1800°C.  An  extensive  discussion  of  the  Mn-B  phase  diagram  has  been 
recently  published  by  [89§mid];  for  crystallographic  data  see  Table 
l.Fig.l  represents  the  critically  assessed  version  of  the  Mn-B  phase 
diagram,  tenperature  versus  concentration  [89&mi] . 

The  reinvestigation  of  the  phase  relations  in  the  Mn-rich  part  of 
the  Mn-N  diagram  [89Smi]  revealed  consistency  with  a  critical 
assessment  of  the  Mn-N  diagram  as  presented  by  [90Gok] .  It  shall  be 
mentioned,  however,  that  the  formation  of  the  socalled  6' -phase  ( 
bet.  martensitic  transformation  from  the  fcc-(Mn.N)  y-phase  )  was 
observed  in  all  samples  quenched  fron  900°C  in  water  [89?mi] . 

The  maximum  solid  solubility  of  N  in  Mn  was  said  to  be  smaller 
than  0.5  atX  N  for  «-Mn,  2  at%  N  for  P-Hn  and  11  atX  N  for  r~ Mn  at 
790°C  [90Gok] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


Fig. 2  represent  the  isothermal  section  at  900°C  under  1  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  [89§ni] .  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  compatibility  between  manganese  and  the  binary  manganesr -borides 
and  BN.  As  seen  from  a  comparision  of  the  unit  cell  dimensions  there 
is  no  significant  solid  solubility  of  Mn  in  BN  at  900°C,  and  mutual 
solubilities  of  the  manganese  nitrides,  the  manganese  borides  and  BN 
are  rather  restricted  [89$mi] .  Due  to  insufficient  quenching,  the 
Mn4N-phase  is  present  in  the  900°C  section. 

Phase  equilibria  in  the  Mn,N-rioh  region  of  the  ternary  system 
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are  rather  dependent  on  the  nitrogen  partial  pressure.  According  to 
the  thernodynanic  stability  of  the  binary  manganese  nitrides  , 
prolonged  heating  of  C-Mn^N  at  900°C  in  a  dynamic  vacuum  of  3.10“*Pa 
resulted  in  a  successive  decomposition  into  lower  nitrides  (  after 
40  h  )  towards  the  nitrogen  rich  end  of  the  (Hn)  solid  solution  ( 
after  80  h  ).  In  all  ternary  samples  which  had  been  reacted  at  900°C 
under  10sPa  N2  prior  to  heat  treatment  in  high  vacuum,  the  (Hn) 
solid  solution  and  all  manganese  borides  revealed  compatibility  with 
respect  to  BN.  .  The  reaction  paths  as  well  as  the  distribution  of 

n#x 

the  phase  fields  at  900°C  and  under  a  high  vacuum  are  presented  in 
Fig. 3. 

X-ray  analysis  of  alloys  representing  the  (Mn  +  BN)  twophase 
equilibrium  which  subsequently  were  held  for  1  h  at  1350°C  under  Ar, 
revealed  instability  with  respect  to  decomposition  into  (Mn)  +  MnzB 

+  V 

A  detailed  discussion  of  the  phase  relations  in  the  Hn-B-N 
ternary  is  found  in  [89Smi] . 

THERMODYNAMICS 

A  thermodynamic  modelling  of  the  binary  system  Mn-B  is  due  to 
[86Lia]  including  a  critical  assessment  of  earlier  attempts  to 
calculate  the  phase  diagram;  see  Table  2. 
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Table  1:  Solid  phases  at  900°C  in  the  system  B-Mn-N 


Phase  / 

Temperature 
Range  ( °C ) 

Pearson  Symbol/ 
Space  Group  / 

Prototype 

Lattice 

Parameters 

(  pm  ) 

Comments 

a-Mn 

cI58 

a=  891.39 

[90Gok] 

at  RT 

<727° 

143m 

[89Gok] 

a-Mn 

(3-Mn 

cP20 

a=  631.51 

[90Gok] 

at  RT 

1100-727° 

P4t32 

[89Gok] 

(3-Mn 

y-Mn 

cF4 

a=  386.3 

[90Gok] 

at  1100°C 

1138-1100° 

Fm3m 

[89Gok] 

y-Mn 

6-Mn 

cI2 

a=  308.1 

[90Gok] 

at  1136°C 

1246-1138° 

Is3m 

[89Gok] 

W 

/3-rhB 

hRlll 

a=1092 .51 

[85Vil] 

R3m 

c=2381 .43 

[85Vil] 

ft-B 

a=1099 . 07 

[85Vil] 

at  MnB~„„ 

23 

c=2399 . 64 

o-Mn^B 

oF40 

a=1455 . 7 

[89$mi] 

<-1285° 

Fddd 

b=  728.7 

o-MnsB 

c=  420.7 

t-MnfB 

tI12 

a=  514.8 

[89Smi] 

<1580° 

14/mcm 

c=  420.4 

AltCu 

a-MnB 

oP8 

a=  302.34 

[89&mi] 

<1050° 

Cmcm  . 

b=  767.59 

166 


CrB 

c=  295.68 

0-MnB 

oP8 

a=  414.6 

1890-1050° 

Pbnm 

b=  555.6 

FeB 

c—  297.7 

Mn,B4 

ol  14 

a=  303.4 

<1750° 

I  Bun 

b=1282.2 

Ta3B4 

c=  296.3 

MnB 

2 

hP3 

a=  300.89 

1990-1075° 

P6/BmB 

A1Bz 

c=  303.84 

MnB4 

bC14 

a=  548.5 

<1375° 

C2/m 

b=  537.5 

MnB4 

c=  294.5 
^=122.47° 

<5’-(Mn,N) 

tI2 

a=  267.2 

c-  355.0 

Mn4N 

cP5 

a=  382.7 

<890° 

Fb3b 

Fe4N 

tf-Mn  N 

hP3 

a=  276.73 

Z  1— X 

P63/bbc 

Fe2N 

c=  452.12 

«-Mn  N 

hP12 

a=  489.16 

2  l-X 

P6a22 

Mn  N  nrt 

c=  455.45 

Mn  M 

2 

oP12 

a=  485.52 

C222f 

b=  840.88 

Mn2N 

c -  453.27 

Mn^R 

oP12 

a=  566.8 

Pbna 

b=  490.9 

Mo2C 

c-  453.7 

hP-Mn  N 

m  2 

tie 

a=  297.4 

14/bbb 

ThH 

c=1212.6 

*-Mn 

tI4 

a=  298.02 

<410° 

14/bbb 

HaCl-deriv. 

c=  414.8 

[89Sni] 

[89&Bi] 

[86Lia] 

[89Smi] 

[89Smi] 

[89Smi] 

[89Smi] 

[89Smi] 

[89§mi] 

[89§mi] 

[89?mi]  at  0.6  GPa 

400°C 

[89§ni]  at  47.9atXN 


a=  422.5 


[89?mi] 


cF8 

>410° 

FmSm 

NaCl 

BN. 

h*x 

hP5 

P6g/*IBC 

BNW 

h#x 

a=  250.4  [85Vil] 

c—  666.1 


Table  ! 

Phase 

2:  Thermodynamic  data  for  the  system  Mn-B 

AfG  (  J/gramatom  ) 

(after  [86Lia] ) 

Ref. 

1.0000 

Hn 

Afu>G(Mn) 

=  12908.94-8.4984  T 

[86Lia] 

1.0000 

B 

Afu.G<B> 

=  50210-21.23  T 

1.0000 

aMn 

AfG  (aMn) 

=  0 

1.0000 

(3Hn 

AfG  (rMn) 

=  1908.32-1,3525  T 

0.3333 

Mn2B 

AfG(MnzB) 

=  -31254+0.293  T 

0.5000 

MnB 

AfG(MnB) 

-  -36225+0.439  T 

0.1429 

Mn9B4 

A,Q(MnaBA) 

=  -27396-2.050  T 

0.3333 

MnB2 

AfG(MnB2) 

=  -21902-2.040  T 

0.2000 

MnB4 

AfG(MnB4) 

=  -26098+6.582  T 

1.0000 

fib 

AG  (.fib) 

=  0 

Liquid 

AG#*=  x< 1-x) {-179800+41 .73  T  -  29273( l-2x)+74194( l-2x )  + 
+6608K  l-2x)'-52134(  l-2x)4} 

0.2000 

Mn4N 

AfG(  Mn4N) 

=  -4534+3.266  T 

[75Gme] 

0.3333 

Mn2N 

A,G  (Mn,N) 

=  -83667.7+5.807  T 

[75Gme] 

0.2000 

MnA 

AfG(Mn#N2) 

=  -6680+5.696  T 

[75Gme] 

Fig. l :  Assessed  diagran  of  the  binary  systen  Mn  -  B 
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Fig. 2:  Isothermal  section  of  the  system  B  -  Mn  -N  at  900°C  under 
1  bar  of  argon  (  in  the  absense  of  external  nitrogen  ). 
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pig. 3  Isothermal  section  of  the  system  B  -  Hn  -  N  at  800  C  under 


a  vacuum  of  10  4Pa. 
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SYSTEM  BORON-  RHENIUM-  NITROGEN  (B-Re-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Re-N  system  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  Re, and  of 
prealloyed  binary  borides,  which  prior  to  use  were  crushed  to  a 
particle  size  smaller  than  20a4q  in  a  steel  mortar  and/or  a  WC-Co 
mortar  respectively  [88Rog] .  For  annealing  the  samples  were  kept  on  a 
hex-BN  substrate  within  a  molybdenum  or  tungsten  susceptor  crucible. 
Heat  treatments  in  a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-NZ 
)  usually  consisted  of  a  primary  reaction  at  1200°C  for  24h  followed 
by  a  final  reaction  at  1200°C  for  84h  with  an  intermediate  step  of 
crushing  and  recompacting  to  ensure  homogeneity.  Temperatures  were 
monitored  by  calibrated  microoptical  pyrometry  and  after  heat 
treatment  all  samples  were  radiation  cooled . Starting  materials  were 
powders  of  3N-Re,  crystallized  boron  (99.8  X  B),  and  hexagonal  boron 
nitride  of  99  X  nominal  purity,  which  prior  to  use  was  outgassed  in 
high  vacuum  at  1400°C%  Binary  boride  master  alloys  were  prepared  by 
arc  melting  the  elements  together  on  a  water  cooled  copper  hearth 
[88Rog] . 

BINARY  SYSTEMS 

The  reinvestigation  of  the  B-Re  system  in  the  range  from  1200  to 
1500°C  revealed  consistency  with  the  data  available  in  [84Vil]  and 
[90Mas];  see  Table  1.  Due  to  the  rather  sluggish  diffusion  reactions 
in  the  high  melting  B-Re  system,  thermodynamic  equilibrium  at  1200°C 
was  not  attained  in  those  alloys  which  were  arc  melted  prior  to  heat 
treatment  at  1200°C.  In  correspondance  to  the  observations  by  [68Por], 
a  weak  set  of  X-ray  reflections  was  observed  in  the  rhenium-rich 
alloys  which  was  concluded  to  belong  to  a  new  Re-boride  labelled  as 
Res_xB,  whose  crystal  structure  is  still  unknown  [88Rog] .  Homogeneous 
ranges  of  the  binary  borides  at  1200°C  were  found  to  be  rather  small 
indicating  a  typical  “line-compound"  type  of  character. 

The  solid  solubility  of  boron  in  rhenium  was  claimed  to  be  less 
than  2  atXB  at  the  temperature  of  the  peritectic  formation  of  Re#B  ( 
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ea  2150°C);  an  interstitial  type  of  B-solubility  was  suggested 
[65Trz].The  maximum  solid  solubility  of  Re  in  ft-B  was  reported  to  be 
less  than  1  atXRe  at  1800°C  [81Cre] . 

No  equilibrium  diagram  exists  for  the  N-Re  systen  and  solid 
solubility  of  N  in  Re  is  said  to  be  snail  (  10  satXN  at  10sPa  );  only 
one  binary  nitride,  ReN4_x  (  cF8,  Fm3m,  defect  NaCl-type,  a=0.393nm  at 
30atXN  ),  exists,  but  deconposes  in  vacuus  below  270°C;a  conprehensive 
discussion  of  all  reported  information  has  been  given  by  [78Fro] . 


SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothernal  section  at  1200°C  under  1  bar  of 
argon  (in  the  absence  of  external  nitrogen  pressure)  [88Rog] .  Phase 
equilibria  are  characterized  by  the  absence  of  ternary  compounds  and 
by  compatibility  between  rhenium  Betal  and/or  the  binary 
rhenium-borides  and  BN.  As  seen  from  a  comparision  of  the  unit  cell 
dimensions  there  is  no  significant  solid  solubility  of  Re  in  BN  at 
1200°C,  and  mutual  solubilities  of  the  rhenium  borides  and  BN  are 
rather  restricted  [88Rog] . 

Phase  equilibria  in  the  Re-B-N  system  have  been  also  checked  by 
nitriding  the  binary  rhenium  boride  powders  under  1  bar  of  N2>  The 
results  confirm  the  gradual  decomposition  of  the  higher  borides  via 
lower  borides  towards  a  limiting  tie-line  :  (Re)  +  BN.  No  signs  of 
compound  formation  at  higher  nitrogen  contents  were  observed. 

THERMODYNAMICS 

[69Bael,2]  studied  the  reaction  of  Re  and  BN  using  a  Thermobalance. 
From  these  measurements  the  activation  energies  for  the  formation  of 
the  binary  borides  were  derived.  Furthermore  the  onset  of  the  reaction 
3Re  +  BN  =======  Reg8  ♦  l/2Nf  was  measured  as  a  function  of  the 

nitrogen  partial  pressure  yielding  free  enthalpy  data  for  the  reaction 
and  data  for  the  free  enthalpy  of  formation  for  Re#B. 
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Table  1:  Solid  phases  at  1200°C  in  the  system  B-Re-N 


Phase  / 

Tenperature 
Range  C°C) 

Pearson  Synbol/ 

Space  Group  / 

Prototype 

Lattice 

Parameters 

(  pa  ) 

Connents 

Re 

hP2 

a=  276.09 

[90Mas] 

<3186° 

P6b/bbc 

Mg 

c-  445.8 

tf-rhB 

hRlll 

a=1092 . 51 

[85Vil] 

<2092° 

R3m 

ft-b 

c=2381 .43 

[85Vil] 

ReaB 

oC16 

a=  289.33 

[88Rog] 

''2150° 

Cmcm 

ReaB 

b=  932.08 

c—  727.08 

hP20 

a=  750.48 

[88Rog] 

<''2000° 

P6,“c 

Th7Fe« 

c=  488.54 

ReB2 

hP6 

a=  290.16 

[88Rog] 

<~2400® 

P6/DDC 

ReB2 

c=  747.99 

bhk 

htx 

hP5 

PB^/nac 

BNh.K 

a=  250.4 

c~  666.1 

[85Vil] 

Table  2:  Thermodynamic  data  for  the  systen  Re-B-N 

Phase  AfG  (  J/granaton  )  Ref. 


1.0000 

Re 

Afu.G<Re) 

=  60428-17.4698  T 

1 . 0000 

B 

Ar«.G<B> 

=  50210-21.23  T 

1.0000 

Re 

AfG  (Re) 

=  0 

0.2500 

RSgB 

AfG(Re,B) 

=-32320+7.32  T 

[69Bae] 

1.0000 

m 

AfO  </3B> 

=  0 
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Fig.l:  Isothernal  section  of  the  systen  B  -  Re  -N  at  1200°C  under 
1  bar  of  argon  (  in  the  absense  of  external  nitrogen  ). 
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SYSTEM  BORON-  IRON-  NITROGEN  (B-Fe-N) 


INTRODUCTION  /  EXPERIMENTAL 

Early  information  on  the  Fe-B-N  systen  is  due  to  [51Kis]  who 
investigated  the  stability  of  binary  iron  borides  in  a  stream  of  dry 
ammonia  at  temperatures  between  352  and  768°C.  The  resistance  against 
attack  by  ammonia  was  found  to  increase  with  the  boron  content;  no 
mutual  solid  solubility  was  observed  [51Kis]  confirming  earlier 
findings  by  [48Jac] . 

The  solubility  of  nitrogen  in  iron-rich  alloys  <  0.001  to  0.91  wt% 
B  )  has  been  studied  by  [62Fou]  using  Sievert's  technique  in  the 
temperature  range  from  950  to  1150°C.  Small  amounts  of  desoxidising  Si 
yielded  a  total  of  0.5  wtX  Si  in  the  alloy  whose  effect  on  the 
N-solubility  was  determined  from  B-free  samples.  A  TEM-study  of 
extracted  flakes  of  (BN.  )  revealed  a  lack  of  threedimensional 

n#X 

perfection  due  to  stacking  faults  and  random  displacement  of  the 
graphitic  layers  perpendicular  to  the  e-axis,  but  with  (hkO) 
reflections  unaffected  [62Fou].  At  1050°C  the  mutual  solid 
solubilities  of  Fe  -  BN  and  FeJB  -  BN  were  said  to  be  very  small 
[62Fou] . 

The  N-solubility  limit  in  liquid  Fe-B  alloys  was  investigated  by 
[64Eva]  using  (  a  )  Sievert's  technique  and  (  b  )  equilibration  of 
iron  melts  in  BN  crucibles  under  a  constant  partial  pressure  of  Nz. 
Boron  was  found  to  decrease  the  N-solubility  at  a  given  partial 
pressure  of  Nz  and  the  first  order  interaction  coefficient,  determined 
between  1550  and  1750°C  [64Eva],was  expressed  as  a  function  of 
temperature  by  [74Sig]  :  c  -  975/T  -0.4  (TinK  ).  Based  on  the 
results  of  [64Eva]  and  following  a  similar  procedure  the  saturation 
phase  boundaries  L/(L  +  BN)  have  been  calculated  by  [87Rag]  for  1550, 
1650,  1750°C  and  for  1,  5  and  10.10°Pa  N#  . 

Phase  equilibria  in  the  B-Fe-N  system  at  900°C  have  been 
established  from  room  temperature  X-ray  powder  diffraction  analysis  of 
samples  prepared  by  reaction  sintering  of  powder  compacts  of  B,  BN, 
Fe,  and  of  prealloyed  binary  borides,  which  prior  to  use  were  crushed 
to  a  particle  sice  smaller  than  20jjs  in  a  steel  mortar  and/or  a  WC-Co 
mortar  respectively  [85§mi] , [86§mi] .  Annealing  of  the  samples  was 
either  performed  (a)  in  vacuum  sealed  silica  tubes  using  a  thin 
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nolybdenun  foil  to  protect  the  sample  from  direct  contact  with  the  hot 
quartz  nail  or  (b)  in  a  1  HHz-HF  furnace  under  1  bar  of  6N-Ar  or 
under  various  partial  pressures  of  6N-N2  using  hex-BN  substrates  in  a 
tungsten  or  molybdenum  susceptor  crucible.  Heat  treatments  usually 
consisted  of  a  primary  reaction  at  900°C  for  48h  followed  by  a  final 
reaction  at  900°C  up  to  72h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  Temperatures  were  either  monitored 
by  calibrated  microoptical  pyrometry  or  by  thermocouples;  after  heat 
treatment  the  samples  were  radiation  cooled  (  HF-furnace  )  or  quenched 
in  water  (  silica  capsules  ).  The  starting  materials  were  powders  from 
3N-Fe  ,  crystallized  boron  (99.8  %  B),  and  hexagonal  boron  nitride  of 
99  X  nominal  purity,  which  prior  to  use  was  outgassed  in  high  vacuum 
at  1400°C.  Binary  boride  master  alloys  were  prepared  by  arc  melting 
the  elements  or  by  direct  sintering  under  argon;  weight  losses  were 
checked  to  be  within  1  wtX  [85§mi,  86§mi]. 

BINARY  SYSTEMS 

The  reinvestigation  of  the  B-Fe  system  from  400°C  to  the  melting 
range  employing  X-ray  powder,  metallographic ,  DTA,  and  Pirani-melting 
point  analyses  confirmed  the  existence  of  only  two  binary  iron  borides 
[86Smi] .  In  contrast  to  earlier  data  there  is  essential  consistency 
with  the  data  available  from  a  compilation  by  [82Kub] .  In 
contradiction  to  a  low  temperature  modification  "a-FeB"  as  claimed 
earlier  (  for  a  review  see  [82Kan]),  FeB-samples  containing  excess 
boron  at  temperatures  below  T~1000°C  revealed  a  typical  transposition 

type  behavior  (FeB-type  -  CrB-type)  with  an  irregular  arrangement 

of  the  FeB-type  slabs  in  partly  shifted  positions  but  without  long 
range  order  [8sSmi,86Smi] .  The  maximal  solid  solubility  of  boron  in 
<*-Fe  was  said  to  be  small,  whereas  detailed  measurements  of  the 
electrical  resistivity  and  the  activity  coefficients  of  B  in  a,y-Fe 
reveal  a  solubility  of  B  in  y-Fe,  which  is  2.7  times  larger  than  that 
in  o-Fe  at  the  same  temperature  [83Bro] .  While  there  seems  to  be  no 
doubt  about  the  interstitial  type  of  B-solubility  in  r- Fe,  a 
substitutional  mode  was  discussed  for  o-Fe  by  [64Hay] .  From  X-ray 
powder  analysis  the  maximum  solid  solubility  of  Fe  in  f?-B  was 
concluded  to  be  about  5  atX  Fe  at  1800°C.  An  extensive  discussion  of 
the  Fe-B  phase  diagram  can  be  found  from  [85Smid,86Smi]  including  a 
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discussion  on  the  metastable  phases  Fea#Btf  an<*  ^egB;  for 
crystallographic  data  see  Table  1.  A  thernodynanic  nodelling  of  the 
Fe-B  system  is  due  to  [87&mi]. 

Fig.l  represents  the  critically  assessed  version  of  the  Fe-B  phase 
diagram,  temperature  versus  concentration  [86$ni]. 

The  phase  diagram  Fe-N  is  due  to  critical  assessments  by  [76Fro], 
[82Kub] ,  [87Wri J ,  [87Fri]  and  [88Kun3. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig. 2  summarizes  the  results  reported  by  [51Kis]  in  terms  of  an 
isothermal  section  at  400°C  (in  the  absence  of  external  nitrogen 
pressure).  Fig. 3  shows  the  phase  equilibria  in  the  iron  rich  corner 
of  the  Fe-B-N  system  at  950,  1050,  and  1150°C  as  derived  by  [62Fou]. 
Fig. 4  represents  the  phase  relations  in  the  Fe-B-N  system  at  900°C 
[85§mi , 86§®i] .  Phase  equilibria  are  characterized  by  the  absence  of 
ternary  compounds  and  by  compatibility  between  iron  and  the  binary 
iron-borides  and  BN.  As  seen  from  a  comparision  of  the  unit  cell 
dimensions  there  is  a  small  but  significant  solid  solubility  of  Fe  in 
BN  at  900°C,  whereas  mutual  solubilities  of  the  iron  nitrides,  the 
iron  bcrides  and  BN  are  rather  restricted  [85§mi] .  Alloys  along  the 
section  Fe-BN  with  acomposition  of  about  20  mol  X  BN  after 
heattreatment  at  1350°C  and  1  bar  argon  were  reported  to  be  molten  and 
after  quenching  revealed  the  powder  pattern  of  a  cubic  r-phase 
Fe_„(B,N)^.  Technical  conditions  -  using  graphite  susceptor 

crucibles  and  technical  argon  containing  0.01  X  0_,  0.02  X  N_  at  900°C 

Z  Z 

and  48  h  prompted  the  stabilization  of  aa  Fea(B,N,C)  compound  with  the 
FeaC-type  [86§mi]  (  Fig.5). 

The  kinetic  of  nitriding  was  studied  [86§mi]  from  binary  iron 
boride  samples  annealed  at  900  and  1250°C  under  1  bar  of  6N-nitrogen 
and  qualitatively  confirmed  the  early  observations  by  [51Ris] . 


THERMODYNAMICS 

A  thermodynamic  modelling  of  the  binary  system  Fe-B  is  due  to 
[88Smi]  of  the  Fe-N  system  due  to  [87Fri];  see  Table  2. 
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Table  1:  Solid  phases  in  the  system  B-Fe-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  <°C) 

Prototype 

(  pm  ) 

a- Fe 

cI2 

a=  286.65 

[87Wri] 

at  RT 

<912° 

Im3m 

a=  294.1 

[87Wri] 

at  1538°C 

W 

y-Fe 

cF4 

a=  364.7 

[87Wri] 

at  912°C 

<1394° 

Fm3m 

a=  368.8 

[87Wri] 

at  1394°C 

Cu 

6-Fe 

cI2 

a=  293.15 

[85Vil] 

<1535° 

lm3m 

W 

tf-rhB 

hRlll 

a=1092 . 51 

[85Vil] 

<2092° 

R3m 

0=2381.43 

[85Vil] 

ft-B 

a=1095 . 14 

c=2386.1 

[85Vil] 

at  FeB_  _ 

4P 

Fe^B 

tl  12 

a=  510.9 

[85Vil] 

<1174° 

14/mom 

Al^Cu 

c=  424.9 

FeB 

oP8 

a=  406.1 

[85Vil] 

<1588° 

Pbnm 

b=  550.6 

FeB 

c=  295.2 

OF116 

a=1067 . 

C85V11] 

metastable 

FmSm 

Cr  C 

*ia 
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FeBB 

oP16 

Pbnm 

Fe,C 

a=  443.9 

b=  542.8 

o=  666.9 

[85Vil] 

FetB 

tI32 

14 

FesP 

a=  865.5 

c=  429.7 

C85V11] 

FesB 

tP32 

P42/n 

TiaP 

a=  864.8 

c-  431.4 

C85Vil] 

Fe^N 

<680° 

cP5 

Pm3m 

Fe4N 

a=  379.8 

[87Wri] 

Fe  N 

9  i-x 

hP9 

a=435.3+l. 

337(at%N) 

P31m 

FeaN 

c=423 . 3+0 

.578(atXN) 

Fe  N 

2 

oP12 

a=  551.2 

[87Wri] 

<480° 

Pbcn 

Fe  N 

b=  482.0 

C-  441.6 

Fe#H 

tl 

14/mmn 

FeaN 

a=  572. 

c=  629. 

[87Wri] 

BHk 

h»x 

hP5 

P6a/mmc 

BN 

h«x 

a=  250.4 

c—  666.1 

[85Vil] 

♦Fe^B.B^ 

cFiie 

Fm3m 

Cr  C 
*»  « 

a=1048 . 3 

[85§mi] 

*FeB(B,N,C) 

oP16 

Pbnm 

a=  445.9 

b=  534.7 

[85§mi] 

metastable 


netastable 


netastable 


at  20  at%  N 


15 . 8-33 . 2at%N 
[87Rag] 


ll.latXN 

metastable 


metastable 


C-stabil . 


Table 

2:  Thermodynamic 

data  for  the  system  Fe-B 

(after  [86§mi]) 

Phase 

AfG  (  J/gramatom  ) 

Ref. 

1 . 0000 

Fe 

Afu-G(Fe) 

* 

13806-7.6241  T 

[86§mi] 

1.0000 

B 

Afu.G<B> 

s 

50210-21.23  T 

1.0000 

aFe 

AfG  (aFe) 

- 

0 

1.0000 

yFe 

AfG  (yFe) 

= 

825.78-0.4953  T 

0.3333 

Fe2B 

AfG(Fe2B) 

s 

-102330+5.0  T 

0.0769 

FeB 

AfG(FeB) 

= 

-36980+2.0  T 

1.0000 

AfG  ((?B) 

= 

0 

Liquid 

AG*X=  x(l 

-x >{-177050-34. 9  T  +  (-3335+68.9  T  )(l-2x)} 
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TEMPERATURE 


Pig.  l :  Assessed  di agree  of  the  binary  systen  Fe  -  B  [85§®i,86§«ii] 
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Fig. 2:  Isothermal  section  of  the  systen  B  -  Fe  -H  at  400°C  (  in  the 
absense  of  external  nitrogen  )  as  based  on  data  by  [SlKis] . 
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Fig. 3  Phase  equilibria  in  the  iron  rich  corner  of  the  system 
Fe  -  B  -  N  at  (a)  950°C,  <b>  1050°C  and  <c)  at  1150°C 
(after  [62Fou],  in  nass  percent). 
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Fig. 4  Isotheraal  section  of  the  systen  B  -  Fe  -  N  at  900°C  under 
1  bar  of  argon  (in  the  absence  of  external  nitrogen). 
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Pig. 5  Isothermal  section  of  the  system  Fe  -  B  -  H  at  900  C  under 

technical  conditions  (  1  bar  of  technical  argon,  C-suseeptor) 


o  single  phase 
o  two  phases 
©  three  phases  < 
o  with  Fe3C  -  type 

v  60 


S  80/ 
/  / 


Fb2B  ♦  FeB  ♦  BN- 


Fe-B-N 

t  Isotherm 

X 

1atm.techn.Ar 
<o  900*C(1652F) 


BN^ 


+  Fe,B*BN 

V  •  ^ 


fl  n  •  . 
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SYSTEM  BORON-  COBALT-  NITROGEN  <B-Co-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Co-N  system  at  900°C  have  been 
established  fron  roon  temperature  X-ray  powder  diffraction  analysis  of 
samples  prepared  by  reaction  sintering  of  powder  compacts  of  B,  BN, 
Co,  and  of  prealloyed  binary  borides,  which  prior  to  use  were  crushed 
to  a  particle  size  smaller  than  20^m  in  a  steel  mortar  and/or  a  WC-Co 
mortar  respectively  [85Smi,  86?mi] .  Annealing  of  the  samples  was 
either  performed  (a)  in  vacuum  sealed  silica  tubes  using  a  thin 
molybdenum  foil  to  protect  the  sample  from  direct  contact  with  the  hot 
quartz  wall  or  (b)  in  a  1  MHz-HF  furnace  under  1  bar  of  6N-Ar  or 
under  various  partial  pressures  of  6N-NX  using  hex-BN  substrates  in  a 
tungsten  or  molybdenum  susceptor  crucible.  Heat  treatments  usually 
consisted  of  a  primary  reaction  at  0QU  C  fa?  46b  fallowed  by  a 
reaction  at  900°C  up  to  72h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  Temperatures  were  either  monitored 
by  calibrated  microoptical  pyrometry  or  by  thermocouples;  after  heat 
treatment  the  samples  were  radiation  cooled  (  HF-furnace  )  or  quenched 
in  water  (  silica  capsules  ).  The  starting  materials  were  powders  from 
3N-Co  ,  crystallized  boron  (99.8  %  B),  and  hexagonal  boron  nitride  of 
99  X  nominal  purity,  which  prior  to  use  was  outgassed  in  high  vacuum 
at  1400°C.  Binary  boride  master  alloys  were  prepared  by  arc  melting 
the  elements  or  by  direct  sintering  under  argon;  weight  losses  were 
checked  to  be  within  1  wtX  [85?mi,  86&mi] . 

BINARY  SYSTEMS 

The  reinvestigation  of  the  B-Co  system  at  900°C  confirmed  the 
existence  of  only  three  binary  iron  borides  [86§mi],  in  essential 
consistency  with  the  phase  diagram  as  given  in  [90Mas,  88Lia] .  The 
maximal  solid  solubility  of  boron  in  a-Co  was  said  to  be  3  atX  B  at 
1000°C  [81Bas]  and  5.2  atX  B  at  1100°C  [38Koe].  From  X-ray  powder 

analysis  the  maximum  solid  solubility  of  Co  in  ft- B  was  concluded  to  be 
about  3  to  5  atX  Co  at  1450°C  [85&mid,  86&mi];  for  crystallographic 

data  see  Table  1. 

No  phase  diagram  Co-N  is  available,  however,  the  existence  of  a 
series  of  oobalt  nitrides  has  been  reported  (see  Table  1).  All  cobalt 


189 


nitrides  easily  decompose  on  heating  at  276°C  in  vacuum  and  none  is 
stable  at  900°C  at  10sPa  Ar  [85&mi,  88§mi] .  N  was  found  to  be 

practically  insoluble  in  Co  at  p  <  105Pa  N£  and  up  to  1200°C  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  phase  relations  in  the  Co-B-N  system  at  900°C 
[65l»mi,  86§mi] .  Phase  equilibria  are  characterized  by  the  absence  of 
ternary  compounds  and  by  compatibility  between  cobalt  and  the  binary 
cobalt-borides  and  BN.  As  seen  from  a  comparision  of  the  unit  cell 
dimensions  there  is  a  small  but  significant  solid  solubility  of  Co  in 
BN  at  900°C,  whereas  mutual  solubilities  of  the  cobalt  borides  and  BN 
are  rather  restricted  [85^mi] .  Alloys  along  the  section  Co-BN  with  a 
composition  of  about  20  mol  X  BN  after  heat  treatment  at  1350°C  and  1 
bar  argon  were  reported  to  be  molten  and  after  quenching  revealed  the 
powder  pattern  of  a  cubic  r-phase  Co^CB.N)^. 

The  kinetic  of  nitriding  was  studied  [86§mi]  from  binary  cobalt 
boride  samples  annealed  at  900  and  1250°C  under  1  bar  of  6N-nitrogen. 

THERMODYNAMICS 

A  thermodynamic  calculation/modelling  of  the  binary  system  Co-B  is 
due  to  [84Kau]  and  [88Lia];  see  Table  2. 
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Table  1:  Solid  phases  in  the  system  B-Co-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  <°C) 

Prototype 

(  pm  ) 

«-Co(r ) 

hP2 

a=  250.71 

[90Mas] 

<422° 

P6a/mmc 

c -  406.86 

a-Co(h) 

cF4 

a=  354.47 

[90Mas] 

<1495° 

Fm3m 

Cu 

ft-vhB 

hRlll 

a=1092 . 51 

[85Vil] 

<2092° 

R3m 

c=2381 .43 

[85Vil] 

ft-B 

a=1094.59 

[85Vil] 

c=2383 . 97 

Co8b 

oP16 

a=  440.8 

[85Vil] 

<1125° 

Pbnm 

b=  525.5 

FeaC 

c=  662.9 

c°2b 

tI12 

a=  501.6 

[85Vil] 

<1280° 

14/mcm 

c=  422.0 

Al^Cu 

CoB 

oP8 

a=  395.6 

[85Vil] 

<1460° 

Pbnm 

b=  525.3 

FeB 

c—  304.3 

Co„B« 

cFlie 

a=1106. 

[85Vil] 

Fm5m 

Cr  C 

tl  0 

Co^N 

cP5 

a*  358.6 

[87Kii] 

Pm3m 

a=  373.8 

[85Vil] 

Fe4H 

CoJN 

hP* 

a=  274.6 

C85Vil] 

c=  432.2 

CotN 

oP6 

a=  460.56 

[85Vil] 

Pmnm 

b=  434.43 

CotH 

c=  285.35 

at  RT 


at  CoB~  _ 

25 


metastable 


192 


B»h.x  HP5 

ar  250.4 

[85Vil] 

P68/bbc 

c=  866.1 

B*H.x 

*  Co„<B,N)„  cF116 

zs  o 

a=1048.3 

[85Smi] 

netastable 

Fn3n 

Table  2:  Thermodynanic  data  for  the  systen  Co-B  (after  [88Lia]> 
Phase  AfG  (  J/granatom  )  Ref. 


1.0000  o«Co 
1.0000  B 
1.0000  Co 
0.2500  CosB 
0.3333  Co2B 
0.5000  CoB 
1.0000  ftB 
Liquid 


Afu.G(Co)  =  16200-8.163  T  [88Lia] 

AfusG(B)  =  50210-21.23  T 

AfG  (aCo)  =  0 

AfG  <CoaB)  =  -25800+2.35  T 

AfG  <Co2B)  =  -26900-1.41  T 

AfG  (CoB)  =  -34500+0.24  T 

AfG  ((3B)  =  0 

AG*X=  x(l-x){-110700  -7.46  T  -24500( l-2x)+27100( l-2x)*+ 
+21900(l-2x)®} 
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Fig.l  Isothermal  section  of  the  system  B  -  Co  -  N  at  900  C  under 
1  bar  of  argon  (in  the  absence  of  external  nitrogen). 


o  single  phase 
o  two  phases 
©  three  phases 
□  non-equilibrium 
(no  C03B) 


/ 

/  / 

V.  60/ 

// 


,80  \ 


£ <0/ 


Co3B  +  Co2B  +  BN 


'(Co)+Co3B«-BN 


-0 

»  \ 


Co-B-N 

Isotherm 
900#C,1  atm.Ar 
(1652  F) 


,BN  'b- 


Co2B«-CoB  ♦  BN 
© 

CoB  +  (B)  +  BN 


194 


SYSTEM  BORON-  NICKEL-  NITROGEN  (B-Ni-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Ni-N  system  at  900°C  have  been 

established  from  roon  temperature  X-ray  powder  diffraction  analysis  of 
samples  prepared  by  reaction  sintering  of  powder  compacts  of  B,  BN, 
Ni,  and  of  prealloyed  binary  borides,  which  prior  to  use  were  crushed 
to  a  particle  size  smaller  than  20mh  in  a  steel  mortar  and/or  a  WC-Co 
mortar  respectively  [85$mi,  86?mi] .  Annealing  of  the  samples  was 
either  performed  (a)  in  vacuum  sealed  silica  tubes  using  a  thin 
molybdenum  foil  to  protect  the  sample  from  direct  contact  with  the  hot 
quartz  wall  or  (b)  in  a  1  MHz-HF  furnace  under  1  bar  of  6N-Ar  or 
under  various  partial  pressures  of  6N-N2  using  hex-BN  substrates  in  a 
tungsten  or  molybdenum  susceptor  crucible.  Heat  treatments  usually 

o 

consisted  of  a  primary  reaction  at  900  C  for  72h  followed  by  a  final 
reaction  at  900°C  up  to  72h  with  an  intermediate  step  of  crushing  and 
recompacting  to  ensure  homogeneity.  Temperatures  were  either  monitored 
by  calibrated  microoptical  pyrometry  or  by  thermocouples;  after  heat 
treatment  the  samples  were  radiation  cooled  (  HF-furnace  )  or  quenched 
in  water  (  silica  capsules  ).  The  starting  materials  were  powders  from 
3N-Ni  ,  crystallized  boron  (99.8  X  B),  and  hexagonal  boron  nitride  of 
99  X  nominal  purity,  which  prior  to  use  was  outgassed  in  high  vacuum 
at  1400°C.  Binary  boride  master  alloys  were  prepared  by  arc  melting 
the  elements  or  by  direct  sintering  under  argon;  weight  losses  were 
checked  to  be  within  1  wtX  [85§mi,  86&ni] . 

BINARY  SYSTEMS 

The  reinvestigation  of  the  B-Ni  system  at  900°C  confirmed  the 
existence  of  five  binary  nickel  borides  [86§mi],  in  essential 
consistency  with  the  phase  diagram  as  given  in  [90Mas].  The  maximal 
solid  solubility  of  boron  in  Ni  was  said  to  be  0.3  atX  B  at  1085°C 
[65Sch].  From  X-ray  powder  analysis  the  maximum  solid  solubility  of  Ni 
in  (1-b  was  concluded  to  be  about  3  atX  Ni  at  1035°C  [85§mid,  86§mi]; 

for  crystallographic  data  see  Table  1. 

No  phase  diagram  Ni-N  is  available,  however,  the  existence  of  a 
series  of  nickel  nitrides  has  been  reported;  for  details  see  [76Fro] 
and  [83Dor].  All  nickel  nitrides  easily  decompose  on  heating  at  480°C 
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in  vacuum  and  none  is  stable  at  900°C  at  10sPa  Ar  [85§mi,  86§mi].  The 
solubility  of  N  in  Hi  at  445  was  said  to  amount  to  less  than  0.3  atX 
N;  the  solubility  of  N  in  liquid  Hi  is  rather  small;  for  details  see 
[76Fro] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  phase  relations  in  the  Ni-B-N  system  at  900°C 
[85$mi,  86§mi] .  Phase  equilibria  are  characterized  by  the  absence  of 
ternary  compounds  and  by  compatibility  between  nickel  and  the  binary 
nickel-borides  and  BN.  As  seen  from  a  comparision  of  the  unit  cell 
dimensions  there  is  a  small  but  significant  solid  solubility  of  Ni  in 
BN  at  900°C,  whereas  mutual  solubilities  of  the  nickel  borides  and  BN 
are  rather  restricted  [85^mi] .  Alloys  along  the  section  Ni-BN  with  a 
composition  of  about  20  mol  X  BN  after  heat  treatment  at  1350°C  and  1 
bar  argon  were  reported  to  be  molten  and  after  quenching  revealed  the 
powder  pattern  of  a  cubic  r-phase  Ni^CB.N)^. 

The  kinetic  of  nitriding  was  studied  [86Xmi]  from  binary  nickel 
boride  samples  annealed  at  900  and  1250°C  under  1  bar  of  6N-nitrogen. 

THERMODYNAMICS 

A  thermodynamic  modelling  of  the  Ni-B  system  is  due  to  [84Kau]  and 
[81Hac] . 
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Table  1:  Solid  phases  in  the  system  B-Hi-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  <°C) 

Prototype 

<  P»  > 

Ni 

cF4 

a=  352.40 

C90Mas] 

at  RT 

<1455° 

Fm3m 

Cu 

ft-rhB 

hRlll 

a=1092 . 51 

[85Vil] 

<2092° 

R3m 

c=2381.43 

[85Vil] 

ft-h 

a=1095 . 84 

[85Vil] 

at  NiB_ 

20 

c=2385.46 

Ni#B 

oP16 

&=  439.0 

[85Vil] 

<1168° 

Pbnm 

b=  521.05 

FeaC 

c=  661.74 

NiaB 

tI12 

a=  499.1 

[85Vil] 

<1125° 

I4/mcm 

c  =  424.7 

Al^Cu 

o-Ni^B, 

oP28 

a=1195 .40 

[85Vil] 

<1025° 

Pnma 

b=  298.15 

o-Hi4B, 

c=  656.64 

«-Ni4B, 

mC28 

a=  642.82 

[85Vil] 

<1031° 

C2/c 

b=  487.95 

«-*i4B. 

c  =  781.90 

^=103.315° 

HiB 

oP8 

a=  292.8 

[85Vil] 

<1035° 

Cmcm 

b=  739.1 

CrB 

c=  296.4 

cFiie 

a=1048. 

[85Vil] 

metastable 

FrnSm 

Cr  C 

It  0 

m4n 

eP5 

a=  374. 

C87Wri] 

Pm3m 

Fe4H 

198 


Hi4H 

tPIO 

a=  372. 

c=  728. 

[85Vil] 

Ni#N 

hP* 

a=  460.7 

[85Vil] 

<400°,  N 

P6b22  or  P312 

c=  430.4 

BN. 

h*x 

hP5 

P6#/mmc 

BN. 

MX 

a=  250.4 

c=  866.1 

[85Vil] 

*  «iM(B.N)a 

cFX16 

FmSm 

Cr  C 

2*0 

a=1044 . 8 

[85Mmi] 

metastable 


Table  2:  Thermodynamic  data  for  the  system  Ni-B  (after  [81Hac]> 
Phase  AfG  (  J/gramatom  )  Ref. 


1.0000 

Ni 

Afu,G(Ni) 

=  17479.82-10.1139  T  [81Hac] 

1.0000 

B 

Afu.G<B> 

=  50210-21.23  T 

1.0000 

Ni 

AfG  (Ni) 

-  0 

0.2500 

Ni,B 

AfG(Ni#B) 

=  -22240-1.908  T 

0.3333 

Ni^B 

AfG(Ni2B) 

=  -21240+0.234  T 

0.1465 

Ni4B 

AfG(Ni4Ba) 

-  -25600-3.850  T 

0.1410 

Ni«Ba-AG<NiA> 

-  -25650-4.179  T 

0.5000 

NiB 

AfG(NiB) 

=  -23220-3.665  T 

1.0000 

AfG  </3B) 

=  0 

Liquid(Ni.B) 

AG*X=  x(l- 

■x){- 150720-41 .46  T  +  (-51080-8.50  T  )(l-2x)+ 

+<54610+38.10  T)(l-2x)2  +<41030+4.34  r)(l-2x>8  + 
+(-38280-25.68  r)(l-2x)4} 


Fig.l  Isothern&l  section  of  the  systen  B  -  Hi  -  N  at  900°C  under 
1  bar  of  argon  (in  the  absence  of  external  nitrogen). 
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SYSTEM  BORON-  RUTHENIUM-  NITROGEN  (B-Ru-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Ru-N  system  have  been  established  from 
room  temperature  X-ray  powder  diffraction  analysis  of  samples  prepared 
by  reaction  sintering  of  powder  compacts  of  B,  BN,  Ru  and  of 
prealloyed  binary  borides,  which  prior  to  use  were  crushed  to  a 
particle  size  smaller  than  20pm  in  a  steel  mortar  and/or  a  WC-Co 
mortar  respectively  [88Rog].  For  annealing  the  samples  were  kept  on  a 
hex-BN  substrate  within  a  molybdenum  or  tungsten  susceptor  crucible. 
Heat  treatments  in  a  1  MHz-HF  furnace  (  under  1  bar  of  5N-Ar  or  5N-N 
)  usually  consisted  of  a  primary  reaction  at  1200  C  for  36h  followed 
by  a  final  reaction  at  1200°C  for  60h  with  an  intermediate  step  of 
crushing  and  recompacting  to  ensure  homogeneity.  Temperatures  were 
monitored  by  calibrated  microoptical  pyrometry  and  after  heat 
treatment  all  samples  were  radiation  cooled . Starting  materials  were 
powders  of  3N-Ru,  crystallized  boron  (99.8  X  B),  and  hexagonal  boron 
nitride  of  99  X  nominal  purity,  which  prior  to  use  was  outgassed  in 
high  vacuum  at  1400°C.  Binary  boride  master  alloys  were  prepared  by 
arc  melting  the  elements  together  on  a  water  cooled  copper  hearth 
[88Rog] . 

BINARY  SYSTEMS 

The  reinvestigation  of  the  B-Ru  system  in  the  range  from  800  to 
1400°C  revealed  the  existence  of  at  least  six  binary  ruthenium  borides 
[88Rog] .  Consistency  with  the  data  available  in  [84Vil]  and  [90Mas]  is 
obtained  for  the  formation  and  crystal  structures  of  Ru7Ba,  Ru^B^, 
RuB,  Bu#B#,  and  RuBs,  whereas  near  the  composition  of  RuaB#  two  novel 
boride  phases  with  a  limited  temperature  region  of  existence  were 
found  labelled  as  RuaB#_x  and  RuaB#_y;  see  Table  1.  RuaBa_x  was 
reported  to  decompose  peritectoidally  at  temperatures  above  1275°C  and 
eutectoidally  below  ca  1050°C  into  RuB  +  RuaBa  [88Rog] .  Due  to  the 
rather  sluggish  diffusion  reactions  in  the  high  melting  B-Ru  system, 
thermodynamic  equilibrium  at  1000°C  was  not  attained  in  those  alloys 
which  were  aro  melted  prior  to  heat  treatment  at  1000°C. 

Homogeneous  ranges  of  the  binary  borides  at  1200°C  were  found  to 
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be  rather  snail  indicating  a  typical  "line-compound"  type  of 
character . 

The  solid  solubility  of  boron  in  ruthenium  (interstitial  type)  was 
claimed  to  be  less  than  1.5  atXB  at  the  temperature  of  the  peritectic 
formation  of  RuTB#  (ca  1660°C)  and  was  shown  to  rapidly  decease  with 
decreasing  temperature  [630br].  From  X-ray  powder  analysis  the  maximum 
solid  solubility  of  Ru  in  ft-B  was  concluded  to  be  less  than  0.5  atXRu 
at  1800°C  [81Cre] . 

Fig.l  represents  the  critically  assessed  version  of  the  Ru-B  phase 
diagram,  temperature  versus  concentration. 

No  equilibrium  diagram  exists  for  the  N-Ru  system  and  solid 
solubility  of  N  in  Ru  is  said  to  be  very  small  [78Fro] . 


SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Figs. 2, 3  represent  the  isothermal  sections  at  1200°C  and  1400°C 
respectively  under  1  bar  of  argon  (in  the  absence  of  external  nitrogen 
pressure)  [88Rog].  Phase  equilibria  are  characterized  by  the  absence 
of  ternary  compounds  and  by  compatibility  between  the  binary 
ruthenium-borides  and  BN.  As  seen  from  a  comparision  of  the  unit  cell 
dimensions  there  is  no  significant  solid  solubility  of  Ru  in  BN  at 
1200°C  and  at  1400°C,  and  mutual  solubilities  of  the  ruthenium  borides 
and  BN  are  rather  restricted  [68Rog].  Whereas  at  1200°C  ruthenium 
metal  is  still  compatible  with  BN,  compatibility  is  lost  at  1400°C 
owing  to  the  reaction  :  7Ru  +  3BN  =  =====  Ru7®,  +  3/2N2  • 

Phase  equilibria  in  the  Ru-B-N  system  have  been  also  checked  by 
nitriding  the  binary  ruthenium  boride  powders  under  1  bar  of  N^.  The 
results  confirm  the  gradual  decomposition  of  the  higher  borides  via 
lower  borides  towards  a  limiting  tie-line  :  (Ru)  +  BN.  No  signs  of 
compound  formation  at  higher  nitrogen  contents  were  observed. 
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Table  1:  Solid  phases  at  1200°C  and  1400°C  in  the  system  B-Ru-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

<  pm  ) 

Ru 

hP2 

a=  270.58 

[90Mas] 

<2334° 

P68/mmc 

Mg 

c=  428.18 

^-rhB 

hRlll 

a=1092.51 

[85Vil] 

<2092° 

R3m 

c=2381 .43 

[85Vil] 

ft-b 

Ru7B8 

hP20 

a=  746.96 

[88Rog] 

< 1660® 

P6smc 

c~  471.55 

Th7Fe3 

Ru«B. 

oP38 

a=1161 . 58 

[88Rog] 

<1457° 

Pbam 

b=1134.38 

RuitB. 

C-  283.61 

RuB 

hP2 

a=  285.33 

[88Rog] 

<1520° 

P6m2 

c=  285.57 

WC  (or  def. 

AlBa) 

Ru  B 
x  a-y 

unknown 

[88Rog] 

<1200° 

RuB. 

Z  Z-x 

hP7 

a=  500.42 

[88Rog] 

1275-1025* 

Ru  B 
z  a-x 

c=1849 . 20 

Ru,B, 

hPIO 

a=  290.48 

[88Rog] 

<1600* 

PB^mmm 

Ru2B8 

c=1280.94 

RuB, 

oP6 

a=  464.48 

[88Rog] 

<1650* 

Pmmn 

b=  286.56 

RuBa 

c=  404.62 

BN. 

h«x 

hP5 

a=  250.4 

[85Vil] 

P68/mmo 

®»K.x 

c=  666.1 
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TEMPERATURE . 


Fig.l:  Assessed  diagran  of  the  binary  systen  Ru 


B 


Fig. 2:  Isothermal  section  of  the  system  B  -  Ru  -N  at  1200°C  under 
1  bar  of  argon  (  in  the  absense  of  external  nitrogen  ). 
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Fig. 3  Isothernal  section  of  the  systea  B  -  Ru  -  N  at  1400°C  under 
1  bar  of  argon  (in  the  absence  of  external  nitrogen  ). 
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SYSTEM  BORON  -  COPPER  -  NITROGEN  (B-Cu-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Cu-N  systen  have  been  derived  from  X-ray 
ponder  diffraction  analysis  of  samples  prepared  by  reaction  sintering 
of  powder  compacts,  which  were  wrapped  in  protective  Mo-foil,  sealed 
in  evacuated  silica  tubes  and  annealed  at  900°C  for  a  total  of  800h 
with  repeated  crushing  and  recompacting  to  ensure  homogeneity  [90Wei]. 
Starting  materials  were  powders  of  3N-Cu,  crystallized  boron  (99.8  X 
B),  hexagonal  boron  nitride  of  99  X  nominal  purity,  which  prior  to  use 
was  outgassed  in  high  vacuum  at  1400°C  and  GEC-cubic  boron  nitride  of 
99.8  X  purity.  After  X-ray  analysis  the  samples  were  exposed  to  1  bar 
of  nitrogen  for  an  additional  400h  at  900°C  and  examined. 

BINARY  SYSTEMS 

A  tentative  equilibrium  diagram  for  the  system  B-Cu  is  represented 
in  [90Mas];for  a  detailed  discussion  see  also  [77Gur] .  The  equilibrium 
diagram  is  of  a  simple  eutectic  type  (''1013°C,  ~13.3  atXB)  with  a 

rather  extended  and  retrograde  solubility  of  Cu  in  tf-rhombohedral 
boron  [76Lun,91Lun]  (~3  atXCu  at  1013°C,  3.17  atXCu  at  1300°C,  3.47 

atXCu  at  1500eC  and  3.65  atXCu  at  1700°C;  see  also  Table  1).  The  solid 
solubility  of  B  in  Cu  was  said  to  be  low  (  ''0.29  atXCu  at  1013*C  and 
0.06  atXCu  at  RT  [86Mas]). 

No  phase  diagram  Cu-N  is  available  yet,  however,  four  binary 
compounds  have  been  claimed  to  exist  under  various  conditions  :  Cu4N, 
prepared  by  d.c. -plasma  ion  nitriding  of  a  Cu-sheet  in  a  260Pa  - 

atmosphere  at  450  to  530°C,  probably  is  metastable  [89Blu]; 
Cu#N,  was  reported  to  be  stable  in  hydrogen  up  to  oa  310°C  [84Bai]  , 

whereas  the  azides  CuN#  and  CuNtf  were  synthesized  at  room  temperature 
[48Wil , 68Soe] ;  Table  1.  The  solubility  of  nitrogen  in  copper  is  very 
low  [76Fro] . 


208 


SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


Fig.l  represents  the  isothermal  section  at  900°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
the  compatibility  of  (Cu)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indicated  from  X-ray  powder  analysis.  No  ternary 
compounds  have  been  observed  in  agreement  with  an  earlier  preliminary 
investigation  of  the  reaction  (l-Cu)  +  BN  at  1100°C  [65Yas] . 

MISCELLANEOUS 

The  wetting  angle  of  Cu  on  BN^^,  as  measured  by  the  sessile  drop 
method,  was  given  as  ©  =  125°  [65Yas] . 
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Table  1:  Solid  phases  at  900°C  in  the  systen  B  -  Cu  -  N 


Phase  /  Pearson  Symbol/  Lattice  Consents 

Tenperature  Space  Group  /  Paraaeters 
Range  <°C)  Prototype  (  pn  ) 


Cu 

cF4 

a=  361.49 

[86Mas] 

<1084.9° 

Fm3n 

Cu 

ft-thB 

hRlll 

a=1093 . 02 

[76Lun] 

<2092° 

r3b 

0=2381.66 

ft-B 

a=1093 . 32 

c=2382.92 

[76Lun] 

for  CuB443 

a=1093 . 77 

0=2384.27 

[76Lun] 

for  CuB 

1  70. 

a= 1094. 38 

0=2386.28 

[76Lun] 

for  CuB_ 

BO.  7 

a=1096 . 05 

0=2387.93 

[76Lun] 

for  CuB^_  . 

a= 1097. 23 

0=2388.94 

[74 And] 

for  CuBZ0 

a=1098 . 5 

c=2392.5 

[76Hig] 

for  CuB,. 

2  S 

Cu4N 

cP5 

a=  319.3 

[85Vil] 

metastable 

PnSn  or  P43m 


Cu#H 

oP4 

a=  381.3 

[85Vil] 

Pm3m 

ReO# 

CuNb 

tI32 

a=  865.3 

[85Vil] 

I4t/a 

o=  559.4 

CulT 

• 

oP28 

a=1348. 1 

[85Vil] 

Pnna 

b=  308.4 

e=  907.8 
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£85Vil] 


hP* 

P6#/iunc 


a=  250.4 

o=  668.1 


SYSTEM  BORON  -  SILVER  -  NITROGEN  (B-Ag-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Ag-N  systen  have  been  derived  from  X-ray 
powder  diffraction  analysis  of  saaples  prepared  by  reaction  sintering 
of  powder  compacts,  which  were  wrapped  in  protective  Mo-foil,  sealed 
in  evacuated  silica  tubes  and  annealed  at  800°C  for  a  total  of  700h 
with  repeated  crushing  and  recompacting  to  ensure  homogeneity  [90Wei] . 
Starting  materials  were  powders  of  silver  (  Ogussa,  "puriss"  ), 
crystallized  boron  (99.8  X  B),  hexagonal  boron  nitride  of  99  X  nominal 
purity,  which  prior  to  use  was  outgassed  in  high  vacuum  at  1400°C  ,and 
GEC-cubic  boron  nitride  of  99.8  X  purity.  After  X-ray  analysis  the 
samples  were  exposed  to  1  bar  of  nitrogen  for  an  additional  400h  at 
800°C  and  examined. 

BINARY  SYSTEMS 

A  tentative  equilibrium  diagram  for  the  system  B-Ag  which  is 
supposed  to  be  of  a  simple  monotectic  type  with  negligible  solid 
solubility  of  B  in  Ag  and  without  the  existence  of  equilibrium 
compounds  is  presented  in  [Mof];  a  detailed  discussion  is  found  in 
[77Gur].  The  compound  "AgB^" ,  claimed  to  crystallize  with  the 
AlBs-type  (  C32,  hP3  -  P6/mmm,  a=300.0,  c=  324.0pm  [610br]>,  is  likely 
to  be  metastable,  and  has  not  been  confirmed  yet.  A  small  solid 
solubility  of  Ag  in  /?-rhoabohedral  boron  is  inferred  from  the  X-ray 
data  on  an  arc  melted  alloy  [81Cre];  see  Table  1. 

No  phase  diagram  exists  for  the  system  Ag-N,  however,  the 
existence  of  two  compounds,  which  are  unstable  above  300aC,  has  been 
reported:  AgsN  and  AgNa  (see  Table  1).  The  solubility  of  N  in  silver 
is  very  small  [76Fro] .  A  critical  assessment  of  the  data  available  on 
the  Ag-N  system  is  due  to  [90Kar]. 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


Fig.l  represents  the  isothermal  section  at  800°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
the  compatibility  of  (Ag)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indicated  from  X-ray  powder  analysis.  No  ternary 
compounds  have  been  observed  [90Wei]. 
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Table  1:  Solid  phases  at  800°C  in  the  system 

B  -  Ag  -  N 

Phase  / 

Temperature 
Range  <°C) 

Pearson  Symbol/  Lattice 

Space  Group  /  Parameters 

Prototype  (  pm  ) 

Comments 

Ag 

cF4 

a=  408.61 

[90Mas] 

<961.93° 

Fn3n 

Cu 

ft-th* 

hRlll 

a=1092 . 65 

[81Cre] 

<2092° 

R3m 

c=2380.96 

ft-  B 

a=1093 . 55 

[81Cre]  for  AgBx 

c=2384 .40 

Ag,N 

cF* 

a=  437.8 

[85Vil] 

AgH, 

oI16 

a=  561.70 

[85Vil] 

I  bam 

b=  591.46 

KH^-deriv. 

c=  600.57 

bhk 

hP* 

a=  250.4 

[85Vil] 

P6#/mmc 

c=  666.1 
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F 

I  Fig.l:  Isothermal  section  at  800°C  in  the  system  B  -  Ag  -  N 


N 
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SYSTEM  BORON  -  GOLD  -  NITROGEN  (B-Au-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Au-N  system  have  been  derived  from  X-ray 
powder  diffraction  analysis  of  samples  prepared  by  reaction  sintering 
of  powder  compacts,  which  were  wrapped  in  protective  Mo-foil,  sealed 
in  evacuated  silica  tubes  and  annealed  at  800°C  for  a  total  of  1400h 
with  repeated  crushing  and  recompacting  to  ensure  homogeneity  [90Wei]. 
Starting  materials  were  powders  of  3N-Au,  crystallized  boron  (99.8  X 
B),  hexagonal  boron  nitride  of  99  X  nominal  purity,  which  prior  to  use 
was  outgassed  in  high  vacuum  at  1400°C  and  GEC-cubic  boron  nitride  of 
99.8  X  purity.  After  X-ray  analysis  the  samples  were  exposed  to  1  bar 
of  nitrogen  for  an  additional  400h  at  800°C  and  examined. 

BINARY  SYSTEMS 

A  tentative  equilibrium  diagram  for  the  system  Au-B  is  shown  in 
[90Mas] ;  a  detailed  discussion  is  also  presented  by  [77Gur] .  Without 
the  existence  of  equilibrium  compounds,  the  system  Au-B  is  suggested 
to  be  of  a  simple  monotectic  type  with  negligible  solid  solubilities 
of  Au,  B.  For  the  solubility  of  Au  in  ft-h  see  [81Cre]  and  Table  1.  The 
compound  "AuB  " ,  claimed  to  crystallize  with  the  A1B  -type  (  C32,  hP3 

Z  Z 

-  P6/mmm,  a=314,  c=  352pm  [610br]  ),  is  likely  to  be  metastable,  and 
has  not  been  confirmed  yet. 

No  phase  diagram  exists  for  the  system  Au-N,  however,  a  critical 
assessment  of  the  existing  information  is  available  by  [840ka];  the 
formation  of  two  probably  metastable  compounds  AugN2  and  AuN(  both 
with  unknown  crystal  structure  is  mentioned  [840ka] .  The  solubility  of 
N  in  Au  is  negligible  [840ka, 78Fro] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  800°C  in  the  absence  of 
external  nitrogen  pressure.  Phase  equilibria  are  characterized  by 
compatibility  of  (Au)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indioated  from  X-ray  powder  analysis.  No  ternary 
compounds  have  been  observed. 
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Table  1:  Solid  phases  at  800°C  in  the  system  B  -  Au  -  N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

(  pm  > 

Au 

cF4 

a=  407.84 

[90Mas] 

<1064.4° 

Fm3m 

Cu 

/?-rhB 

hRlll 

a=1092.51 

f85Vil] 

<2092° 

R3m 

c=2381.43 

fl-B 

a=  1093. 24 

t81Cre]  for  AuBx 

c=2382.38 

BN 

h*x 

hP* 

a=  250.4 

[85Vil] 

P6„/mnc 

c=  686.1 
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SYSTEM  BORON  -  ZINC  -  NITROGEN  (B-Zn-N) 

INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Zn-N  system  have  been  established  froa 
X-ray  powder  diffraction  analysis  of  samples  prepared  by  reaction 
sintering  of  powder  compacts,  which  were  wrapped  in  protective 
Mo-foil,  sealed  in  evacuated  silica  tubes  and  annealed  at  375°C  for  a 
total  of  850h  with  repeated  crushing  and  recompacting  to  ensure 
homogeneity  [90Wei].  Starting  materials  were  powders  of  3N-Zn, 
crystallized  boron  <99.8  X  B),  hexagonal  boron  nitride  of  99  X  nominal 
whieh  prior  to  use  was  outgassed  in  high  vacuum  at  1400°C. 

BINARY  SYSTEMS 

A  tentative  equilibrium  diagram  for  the  system  B-Zn  is  given  in 

[Mof],  however,  does  not  account  for  the  observed  solid  solubility  of 

Zn  in  boron  (see  below);  a  comprehensive  discussion  of  all  reported 

information  has  been  given  by  [77Gur].  There  is  no  binary  boride  known 

and  there  is  practically  no  solubility  of  B  in  Zn,  whereas  a  rather 

extended  solid  solution  B100_xZn  <  x  <  5  )  exists  in  (?-rh  boron  ( 

BaaZn  »t87Kuz3  )  well  as  in  a-rh  boron  (  <1.3  atXZn,  [77Kor]  );  see 

Table  1.  The  interaction  of  Zn  with  the  various  modifications  of  boron 

at  500  to  900°C  has  been  studied  by  [77Ror]. 

According  to  a  recent  critical  assessment  of  the  system  N-Zn 

[88Wri]  two  binary  compounds  are  known  to  exist:  Zn#Na  (see  Table  1), 

which  was  claimed  to  be  stable  up  to  550°C  under  Nz,  but  decomposes  in 

vacuum  above  350°C  C88Wri]  and  ZnN^  which  decomposes  on  heating  around 
0  ° 

300  C  and  for  which  two  structural  modifications  have  been  reported 
(see  Table  1)  [88Wri].  Interstitial  solubility  of  N  in  Zn  is  very  low 
[88Wri] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  375°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
the  compatibility  of  (Zn)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indicated  from  X-ray  powder  analysis.  No  ternary 
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compounds  have  been  observed  in  agreement  with  an  earlier  preliminary 
investigation  of  the  reaction  (t-Zn)  +  BN  at  940°C  [85Yas] . 


REFERENCES 

[65Yas]  G. A. Yasinskaya,  "Reactions  of  High  Melting  Conpounds  Kith 
Molten  Metals"  ,  Ogneupory  30  (1965)  20-30 
[77Gur]  V.N.Gurin  and  M.M .Rorsukova,"  lb  and  lib  Subgroup  Borides  ” 
in  "Boron  and  Ref rectory  Borides",  V.N .Matkovich  (ed), 
(Springer, Berlin, Heidelberg, N.Y. ,1977)  293-309 
[77Ror]  M.M.Korsukova,  V.N.  Gurin,  Yu.B.Ruz'ma,  A. Yu .Kiskachi  and 

N.E. Solov'ev,  “Structural  Changes  induced  in  Various 
Modifications  of  Boron  by  Zinc”,  Sov .Phys .Crystallogr . 22 
(1977)  690-692,  translated  from  Kristallograf ija  22  (1977) 

1214-1218 

[85Vil]  P.Villars  and  L.D. Calvert, "Pearsons  Handbook  of 

Crystallographic  Data  for  Intermetallic  Phases"  (Amer.Soc. 
Met.,  Metals  Park, Oh,  1985) 

[87Ruz]  Yu.B.Ruz'ma,  V. I. Gurin,  M.M. Rorsukova  and  L.G.Akselrud, 
"Crystal  Structure  of  the  Phase  ZnB  "  (in  Russian),  Izv.Akad. 
Nauk  SSSR,  Neorg.  Mater.  23  (1987)  566-570 
[88Nri]  H. A.Wriedt, "The  N-Zn  (Nitrogen-Zinc)  System"  ,  Bull.  Alloy 
Phase  Diagrams  9  (1988)  247-251 

[90Mei]  F.Neitzer,  R.Remschnig,  J.C. Schuster  and  P.Rogl,  "Phase 
Equilibria  and  Structural  Chemistry  in  the  Ternary  Systems 
M-Si-N  and  M-B-N  (M=Al,Cu,Zn,Ag,Cd,In,Sn,Sb,Au,Tl,Pb,Bi)M, 
J. Mater. Res.  5  (1990)  2152-2159 

[90Mas]  T.B.Massalski  (ed),  "Binary  Alloy  Phase  Diagrams",  2n<iEd., 
(Amer . Soc.Met. ,  Metals  Park, Oh,  1990) 


223 


Table  1:  Solid  phases  at 

375' 

°C  in  the  systeB 

B-Zn-N 

Phase  / 

Pearson  Symbol/ 

Lattice 

CoBBents 

Temperature 

Space  Group 

/ 

Paraaeters 

Range  (°C) 

Prototype 

<  PB  ) 

Zn 

hP2 

a=  266.44 

[90Mas] 

<419.6° 

P6g/BBC 

Mg 

c=  494.94 

tf-rhB 

hRlll 

a=1092 .51 

[85Vil] 

<2092° 

R3m 

0=2381.43 

[85Vil] 

ft-B 

a=1098 .6 

c=2401.6 

[87Ruz]  for  ZnB„ 

Z  9 

a=1093 

[77Kor] 

c=2374 

a=1101 

[77Kor]  for  ZnBgiB 

c=2317 

a=1100 

[77Kor]  for  ZnB2g 

c=2404 

a-rhB 

<1200° 

hR36 

R3m 

a=  490.9 

c-  1258.2 

[77Kor] 

a-B 

a=  491.0 

0=1258.2 

[77Kor]  for  ZnB.^ 

eo 

hP* 

a=  250.4 

[85Vil] 

P6g/BBO 

c=  866.1 

Zn.». 

BN 

h #x 

cieo 

Ia5 

a=  878.3 

[85Vil] 

a-ZnN 

Mn,0, 

oP36 

a=1098 

[85Vil] 

P2224 

b=  692 

[88Wri]  gives  PcBn-oP84 

c=1633 

0-ZnlT 

O 

0*28 

a=  735 

b=  437 

0=1523 

[88Wri] 
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Fig.l:  Isothermal  section  at  375°C  in  the  system  B  -  Zn  -  N 


N 
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SYSTEM  BO ROW  -  CADMIUM  -  NITROGEN  (B-Cd-H) 

INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Cd-N  system  have  been  established  from 
X-ray  powder  diffraction  analysis  of  samples  prepared  by  reaction 
sintering  of  powder  compacts,  which  were  wrapped  in  protective 
Mo-foil,  sealed  in  evacuated  silica  tubes  and  annealed  at  250°C  for  a 
total  of  350h  with  repeated  crushing  and  recompacting  to  ensure 
homogeneity  £90Wei].  Starting  materials  were  powders  of  3N-Cd, 
crystallized  boron  (99.8  X  B),  hexagonal  boron  nitride  of  99  X  nominal 
purity,  which  prior  to  use  was  outgassed  in  high  vacuum  at  1400°C  and 
GEC-cubic  boron  nitride  of  99.8  X  purity. 

BINARY  SYSTEMS 

A  tentative  equilibrium  diagram  for  the  system  B-Cd  is  given  in 
[Mof ] .  A  binary  compound  "CdB  ”  has  been  mentioned  earlier  but  is 

O 

supposed  to  be  metastable  or  ill  characterized;  for  a  more  detailed 
discussion  see  [77GurJ.  B  was  said  to  be  insoluble  in  Cd  and  whereas 
the  solubility  of  Cd  in  ft-b  is  said  to  be  very  low,  ~5  massX  Cd  was 
reported  to  dissolve  in  a-B  at  800*C  £77Gur] . 

According  to  a  recent  critical  assessment  of  the  system  Cd-N 
£88Wri],  the  formation  of  two  binary  compounds  has  been  reported: 
Cd.N.  and  CdN  :  see  Table  1.  Whereas  Cd.N.  was  reported  to  decompose 
slowly  at  180°C  in  an  atmosphere  of  NHa  (pressure  not  specified, 
[88Wri]),  the  azide  CdN^.  decomposes  nonexplosively  when  heated 
slightly  above  100°C  [88Wri].  The  solubility  of  N  in  Cd  is  small 
[88Wri] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  250°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
the  compatibility  of  (Cd)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indioated  from  X-ray  powder  analysis.  No  ternary 
oompounds  have  been  observed  in  agreement  with  an  earlier  preliminary 
investigation  of  the  reaotion  (l-Cd)  +  BN  at  550°C  [65Yas] . 
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MISCELLANEOUS 


Nonwetting  behavior  (  ©  >  90°)  was  clained  by  [65Yas] . 
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Table  1:  Solid  phases  at  375°C  in  the  system  B  -  Cd  -  N 


Phase  / 

Temperature 
Range  (°C) 

Pearson  Symbol/ 
Space  Group  / 
Prototype 

Lattice 

Parameters 

<  pm  ) 

Comments 

Cd 

hP2 

a=  297.88 

[90Has] 

<321.11° 

PSg/mmc 

Mg 

c=  561.87 

/3-rhB 

hRlll 

a=1092 . 51 

[85Vil] 

<2092° 

R3b 

fl-Z 

0=2381.43 

B«h.x 

hP* 

P6>/mmc 

BN 

h«x 

a=  250  4 

e=  866.1 

[85Vil] 

Cd.N. 

cI80 

Ia5 

Mn,0B 

a=1081 

[85V11] 

CdN 

© 

oP56 

Pbca 

a=  784 

b=  847 

c=1607 

[88Mri] 
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Fig-1:  Isothersal  section  at  250°C  in  the  systea  B  -  Cd  -  H 


N 
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SYSTEM  BORON  -  ALUMINIUM  -  NITROGEN  (B-Al-N) 


INTRODUCTION  /  EXPERIMENTAL 

Infornation  on  the  phase  relations  in  the  Al-B-N  system  are  due  to 
several  research  groups  [65Pri,  67Lue,  72Lyu,  73Lyu,  79Sir,  81Hir, 
82Andl,  82 And 2  and  91Rem] .  A  recent  critical  review  has  been  provided 
by  [90Jeh] .  General  agreement  exists  on  the  absence  of  ternary 
compounds.  Various  methods  employed  such  as  (a)  nitriding  of  complex 
salts  of  A1  and  B  or  mixtures  of  metal  and  complex  salts  in  NHa  or  (b) 
reaction  sintering  of  polycrystalline  samples  Al+BN  ,  resulted  in  the 
formation  of  extended  solid  solutions  of  the  mononitrides  A1  BN 

1— X  X 

[65Pri,  72Lyu,  73Lyu,  79Sir,  82Andl,  82And2,  91 Rem] .  AIN  was  found  to 
act  as  a  catalyst  for  the  synthesis  of  cubic  BN  from  hexagonal  BN  in 
lowering  the  temperature  and  pressure  conditions  to  1000°C  and  7  GPa 
[81Hir];  sintering  of  BN+A1  powder  compacts  in  the  range  from  1500  to 
3000*C  and  5  to  9.5  GPa  resulted  in  cubic  BN  with  2-3  massX  A1 
dissolved  [79Sir] .  The  lattice  parameter  of  BN  was  said  to  decrease 
from  361.5  to  361.0  pm  on  saturation  with  Al;  higher  A1  contents 
yielded  the  formation  of  AIN,  A1B12  and  ft-B  [79Sir].  Two  isothermal 
sections  at  109Pa  and  8GPa  have  been  presented  [73Lya,  79Sir,  82Andl, 
82And2] . 

Phase  equilibria  in  the  B-Al-N  system  at  900*C  under  10sPa  argon  C 
in  the  absence  of  external  nitrogen )have  been  established  from  X-ray 
powder  diffraction  analysis  of  samples  prepared  by  reaction  sintering 
of  powder  compacts  of  B,  BN,  and  of  prealloyed  binary  borides,  which 
prior  to  use  were  crushed  to  a  particle  size  smaller  than  20um  in  a 
HC-Co  mortar.  For  annealing  the  samples  were  kept  on  a  Mo(or 
BN)-substrate  within  a  wire  resistance  heated  quartz  recipient  under 
argon.  Heat  treatments  usually  consisted  of  total  of  lOOOh  with 
repeated  crushing  and  reoompacting  to  ensure  homogeneity  [91Rem] . 
Starting  materials  were  ingots  of  3N-A1,  crystallized  boron  (99.8  X 
B),  and  hexagonal  boron  nitride  of  99  X  nominal  purity,  which  prior  to 
use  was  outgassed  in  high  vacuum  at  1400°C. 


230 


BINARY  SYSTEMS 

A  tentative  phase  diagraa  Al-B  as  presented  in  [Ell]  contains  A1BZ 
and  A1BU  as  the  only  binary  phases  (Table  1)  and  is  in  agreenent  with 
a  reinvestigation  at  800*C  [91Ren].  The  solid  solubility  of  B  in  A1  is 
less  than  0.025  atXB  at  659. 7#C.  No  atteapts  have  been  aade  to 
establish  the  solubility  of  A1  in  boron.  The  assessed  version  of  the 
Al-B  diagraa  is  shown  in  Fig.l. 

The  Al-N  phase  diagraa,  as  suggested  by  [90Mas],  is  accepted;  a 
detailed  description  is  due  to  [86Wri].  AIN  is  the  only  binary  phase 
(Table  1).  The  solid  solubility  of  N  in  A1  is  low  [8BWri] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig  2  shows  the  phase  equilibria  as  deterained  by  [62And2]  at  a 
pressure  of  8  GPa. 

Fig. 3  represents  the  isotheraal  section  at  900°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
the  foraation  of  a  stable  equilibriua  AlBz+  (AIN)  +  (BN)  with  a  snail 
but  significant  nutual  solubility  of  AlixBxN.  No  ternary  conpounds 
have  been  observed. 
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Table  1:  Solid  phases  at  900°C  in  the  systen  B-Al-N 


Phase  / 

Temperature 
Range  (°C) 

Pearson  Symbol/ 

Space  Group  / 

Prototype 

Lattice 

Parameters 

<  Pm  ) 

Comments 

A1 

<660.452° 

cF4 

Fm3m 

Cu 

a=  404.96 

[90Mas] 

/3-rhB 

hRlll 

a=1092.51 

[85Vil] 

<2092° 

R3m 

ft-  B 

c=2381.43 

[85V11] 

aib2 

hP3 

a=  300.6 

[85Vil] 

<975° 

P6/mmm 

AlBa 

c=  352.2 

y-AlBta(r) 

oP384 

a=1657. 3 

[81Hig] 

<1450° 

P2t2l2l 

^aib1# 

b=1751 . 0 

c=1018.0 

«-AlBia(h) 

tP216 

a=1015 .8 

[77Hig] 

1920-1450° 

P4t2l2 
a- A  IB 

ii 

c=1427 . 0 

AIN 

hP4 

P6#nc 

ZnS 

a=  311.14 

c=  497.92 

[86Wri] 

BN. 

hex 

hP* 

P6#/nnc 

Mh.x 

a=  250.4 

c=  666.1 

C85Vil] 
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Fig. 2:  Isothern&l  section  in  the  systen  B-Al-N  under  8  GPa  [82And2] 


N 


Fig. 3:  Isothermal  section  at  900  C  in  the  system  B  -  A1  -  N 
under  10  Pa  argon, in  the  absence  of  external  nitrogen 
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SYSTEM  BORON  -  INDIUM  -  NITROGEN  (B-In-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-In-N  system  have  been  established  from 
X-ray  powder  diffraction  analysis  of  samples  prepared  by  reaction 
sintering  of  powder  compacts,  which  were  wrapped  in  protective 
Mo-foil,  sealed  in  evacuated  silica  tubes  and  annealed  at  120°C  for  a 
total  of  1800h  with  repeated  crushing  and  recompacting  to  ensure 
homogeneity  [90Wei] .  Starting  materials  were  powders  of  3N-In, 
crystallized  boron  (99.8  X  B),  and  hexagonal  boron  nitride  of  99  X 
nominal  purity,  which  prior  to  use  was  outgassed  in  high  vacuum  at 
1400°C . 

BINARY  SYSTEMS 

A  tentative  monotectic  type  of  equilibrium  diagram  for  the  system 
B-In  is  given  in  [Mof,65Wal].  There  is  no  binary  boride  known  and 
there  is  practically  no  mutual  solid  solubility  of  the  elements.  No 
phase  diagram  In-N  exists.  According  to  a  critical  assessment  by 
[890ka]  the  only  binary  nitride  InN  was  said  to  be  rather  unstable  and 
to  decompose  at  ca  680°C  under  10*Pa  N2  [38Juz],  [87Jon].  The 
interstitial  solubility  of  N  in  In  is  likely  to  be  very  low;  no 
details  are  known  so  far  [76Fro] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  120°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
the  compatibility  of  (In)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indicated  from  X-ray  powder  analysis.  No  ternary 
compounds  have  been  observed  [90Wei]. 
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Table  1:  Solid  phases  at  120°C  in  the  system  B-In-N 


Phase  / 

Temperature 
Range  (°C) 

Pearson  Symbol/ 
Space  Group  / 

Prototype 

Lattice 

Parameters 

<  pm  ) 

Comments 

In 

tI2 

a=  325.3 

[90Mas] 

<156.63° 

I4/mmm 

c=  494.70 

In 

ft-rh B 

hRlll 

a=1092.51 

[85Vil] 

<2092° 

R3m 

c=2381 .43 

[85Vil] 

ft-B 

InN 

hP4 

a=  354.0 

[85Vil] 

P6amc 

c -  570.4 

ZnS 

BSK.x 

hP* 

a=  250.4 

[85Vil] 

P6a/mmc 

c=  668.1 

BN. 

h*x 
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Fig.l:  Isotheraal  section  at  120°C  in  the  system  B  -  In  -  N 
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SYSTEM  BORON  -  THALLIUM  -  NITROGEN  (B-Tl-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Tl-N  systen  have  been  established  from 
X-ray  powder  diffraction  analysis  of  samples  prepared  by  reaction 
sintering  of  powder  compacts,  which  were  wrapped  in  protective 
Mo-foil,  sealed  in  evacuated  silica  tubes  and  annealed  at  200°C  for  a 
total  of  lOOOh  with  repeated  crushing  and  recompacting  to  ensure 
honogeneity  [90Wei] .  Starting  materials  were  ingots  of  3N-T1, 
crystallized  boron  (99.8  X  B),  and  hexagonal  boron  nitride  of  99  X 
noninal  purity,  which  prior  to  use  was  outgassed  in  high  vacuun  at 
1400°C . 

BINARY  SYSTEMS 

A  tentative  monotectic  type  of  equilibrium  diagram  for  the  systen 
B-Tl  is  given  in  [Mof,65Wal].  There  is  no  binary  boride  known  and 
there  is  practically  no  mutual  solid  solubility  of  the  elements.  No 
phase  diagram  is  available  for  Tl-N.The  binary  nitrides  TIN  and  T1NS 
were  said  to  be  rather  unstable  .  TIN  is  obtained  in  the  arc  using 
Tl-electrodes  under  nitrogen  [78Fro] •  According  to  thermal  expansion 
data  in  the  range  from  95  to  600  K,  TIN^  was  observed  with  three 
modifications  [73Mau],  TlNg  at  room  temperature  was  reported  to  be 
isomorphic  with  KN^  :  0-T1Nb  <tI16  -  I4/mcn,  a=620.94,  c=735.83pm 

[73Mau])  with  a  transition  into  an  orthorhombic  structure  at 
temperatures  below  248(5)K  a-TlNa  (  oP32,  a=871.8,  b=876.6, 

c=739.5pm  [73Mau]);  furthermore  a  cubic  high  temperature  phase  y-TlNs 
(  Pm3m,  structure  unknown  )  has  been  discussed  to  be  stable  at  109Pa 
Nt  above  565.2  K  ;see  [73Mau] .  No  interstitial  solubility  of  N  in  T1 
was  observed  up  to  600°C  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  200°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
the  compatibility  of  (Tl)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indicated  from  X-ray  powder  analysis.  No  ternary 
compounds  have  been  observed. 
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Table  1:  Solid  phases  at  200°C  in  the  system  B-Tl-N 


f 

Phase  /  Pearson  Symbol/  Lattice  Comments 

Temperature  Space  Group  /  Parameters 


Fig.l:  Isothernal  section  at  200°C  in  the  systen  B  -  T1  -  N 


N 


Atom  Percent  Boron 
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SYSTEM  BORON  -  TIN  -  NITROGEN  (B-Sn-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Sn-N  system  have  been  established  from 
X-ray  powder  diffraction  analysis  of  samples  prepared  by  reaction 
sintering  of  powder  compacts,  which  were  wrapped  in  protective 
Mo-foil,  sealed  in  evacuated  silica  tubes  and  annealed  at  200°C  for  a 
total  of  llOOh  with  repeated  crushing  and  recompacting  to  ensure 
homogeneity  [90Wei].  Starting  materials  were  powders  of  3N-Sn, 
crystallized  boron  (99.8  X  B),  and  hexagonal  boron  nitride  of  99  X 
nominal  purity,  which  prior  to  use  was  outgassed  in  high  vacuum  at 
1400°C . 

BINARY  SYSTEMS 

A  tentative  monotectic  type  of  equilibrium  diagram  for  the  system 
B-Sn  is  given  in  [Mof],  for  a  more  detailed  discussion  see  [77Mak] . 
There  is  no  binary  boride  known  and  there  is  practically  no  mutual 
solid  solubility  of  the  elements.  No  phase  diagram  exists  for  N-Sn. 
Binary  nitrides  Sn2N4  and  SnsN2  were  said  to  be  rather  unstable  and 
may  be  prepared  by  heating  Sn(NH2)#Cl  or  SnNH  to  340°C  in  vacuum.  In 
the  temperature  range  25°  to  800°C  the  interstitial  solubility  of  N  in 
Sn  is  said  to  be  negligible  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  200°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
compatibility  of  (Sn)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indicated  from  X-ray  powder  analysis.  No  ternary 
compounds  have  been  observed  in  agreement  with  an  earlier  preliminary 
investigation  of  the  reaction  (l-Sn)  +  BN  at  800°C  [65Yas] . 

MISCELLANEOUS 

Nonwetting  behavior  (  ©  >  90°)  was  claimed  by  [65Yas]. 
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Table  1:  Solid  phases  at  200°C  in  the  system  B-Sn-N 


Phase  / 

Temperature 
Range  (°C) 

Pearson  Symbol/ 

Space  Group  / 

Prototype 

Lattice 

Parameters 

(  PB  ) 

Comments 

ft-Sn 

tI4 

a=  583.18 

[90Mas] 

<231.97° 

I4t/amd 

c=  318.18 

ft-Sn 

fl-rhB 

hRlll 

a=1092 .51 

[85Vil] 

<2092° 

R3m 

0=2381.43 

[85Vil] 

ft-B 

BNK 

htx 

hP* 

a=  250.4 

[85Vil] 

P8#/mnc 

c=  686.1 

BN. 

h«x 
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Fig.l:  Isothermal  section  at  200°C  in  the  system  B  -  Sn  -  N 
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SYSTEM  BORON  -  LEAD  -  NITROGEN  <B-Pb-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Pb-N  systen  have  been  established  from 
X-ray  powder  diffraction  analysis  of  samples  prepared  by  reaction 
sintering  of  powder  compacts,  which  were  wrapped  in  protective 
Mo-foil,  sealed  in  evacuated  silica  tubes  and  annealed  at  200°C  for  a 
total  of  ISOOh  with  repeated  crushing  and  recompacting  to  ensure 
homogeneity  [90Wei] .  Starting  materials  were  ingots  of  3N-Pb, 
crystallized  boron  (99.8  X  B),  and  hexagonal  boron  nitride  of  99  % 
nominal  purity,  which  prior  to  use  was  outgassed  in  high  vacuum  at 
1400°C . 

BINARY  SYSTEMS 

A  tentative  monotectic  type  of  equilibrium  diagram  for  the  system 
B-Pb  is  given  in  [Mof];  a  comprehensive  discussion  of  all  reported 
information  has  been  given  by  [77Mak].  There  is  no  binary  boride  known 
and  there  is  practically  no  solid  solubility  of  B  in  Pb.  In  the  Pb-N 
system  several  rather  unstable  binary  compounds  have  been  claimed  to 
exist:  Pb#Nz  and  PbBN4  ,  which  have  been  prepared  by  cathodic 
sputtering  [76Fro],  and  metastable  PbN^.,  for  which  two  structural 
modifications  have  been  reported  (Table  1).  There  is 
practically  no  solubility  of  N  in  Pb  up  to  600°C  [76Fro] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  200°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
the  compatibility  of  (Pb)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indicated  from  X-ray  powder  analysis.  No  ternary 
compounds  have  been  observed  in  agreement  with  an  earlier  preliminary 
investigation  of  the  reaction  (l-Pb)  +  BN  at  800°C  [65Yas]. 
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Table  1:  Solid  phases  at  200°C  in  the  system  B-Pb-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

<  pn  ) 

Pb 

cF4 

a=  495.02 

[90Mas] 

<327.50° 

Fm3m 

Cu 

ft-rhB 

hRlll 

a=1092 . 51 

[85Vil] 

<2092° 

R3m 

c=2381 .43 

ft-B 

BNk 

h#x 

hP* 

a=  250.4 

[85Vil] 

P6  /mmc 

B«hex 

c -  666.1 

a-PbN 

© 

OP84 

a=  663 

[85Vil] 

Pnma 

b=1625 

c=1131 

/3-PbNtf 

monoclinic 

a=  509.0 

[Ell] 

b=8844 

c=1750 . 8 
f?=90.016° 

or 

a=1849 

b=  884 

c  -  512 
^=107. 583° 

[Ell] 

251 


Fig.l:  Isothernal  section  at  200°C  in  the  systen  B  -  Pb  -  N 


N 
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SYSTEM  -  BORON  -  ANTIMONY  -  NITROGEN  (B-Sb-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Sb-N  system  have  been  established  from 
X-ray  powder  diffraction  analysis  of  samples  prepared  by  reaction 
sintering  of  powder  compacts,  which  were  wrapped  in  protective 
Mo-foil,  sealed  in  evacuated  silica  tubes  and  annealed  at  575°C  for  a 
total  of  900h  with  repeated  crushing  and  recompacting  to  ensure 
homogeneity  [90Wei].  Starting  materials  were  powders  of  3N-Sb, 
crystallized  boron  (99.8  %  B),  hexagonal  boron  nitride  of  99  X  nominal 
purity,  which  prior  to  use  was  outgassed  in  high  vacuum  at  1400°C. 

BINARY  SYSTEMS 

A  tentative  monotectic  type  of  equilibrium  diagram  for  the  system 
B-Sb  is  given  in  [Mof,65Wal].  There  is  no  binary  boride  known  and 
there  is  practically  no  mutual  solid  solubility  of  the  elements.  No 
phase  diagram  is  available  for  N-Sb  and  no  binary  nitrides  of  Sb  have 
been  reported.  The  solubility  of  N  in  Sb  is  likely  to  be  very  low. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  575°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
the  compatibility  of  (Sb)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indicated  from  X-ray  powder  analysis.  No  ternary 
compounds  have  been  observed  [SOWei]. 
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Table  1:  Solid  phases  at  200°C  in  the  system  B-Sn-N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

<  P»  ) 

Sb 

hR2 

a=  430.84 

[85Vil] 

<630.78° 

R3m 

c=1127.40 

a-As 

(?-rhB 

hRlll 

a=1092 . 51 

C85Vil] 

<2092° 

R3m 

c=2381.43 

[85Vil] 

n-B 

BNW 

h#X 

hP* 

a=  250.4 

[85Vil] 

PB^mmc 

BHh.x 

c=  666.1 

| 

i 
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Fig.l:  Isothernal  section  at  575°C  in  the  systen  B  -  Sb  -  N 
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SYSTEM  BORON  -  BISMUTH  -  NITROGEN  (B-Bi-N ) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  in  the  B-Bi-N  system  have  been  established  from 
X-ray  powder  diffraction  analysis  of  samples  prepared  by  reaction 
sintering  of  powder  compacts,  which  were  wrapped  in  protective 
Mo-foil,  sealed  in  evacuated  silica  tubes  and  annealed  at  200°C  for  a 
total  of  1500h  with  repeated  crushing  and  recompacting  to  ensure 
homogeneity  [90Nei] .  Starting  materials  were  powders  of  3N-Bi, 
crystallized  boron  (99.8  X  B),  and  hexagonal  boron  nitride  of  99  X 
nominal  purity,  which  prior  to  use  was  outgassed  in  high  vacuum  at 
1400°C . 

BINARY  SYSTEMS 

A  tentative  monotectic  type  of  equilibrium  diagram  for  the  system 
B-Bi  is  given  in  [Mof , 65Wal] .  There  is  no  binary  boride  known  and 
there  is  practically  no  mutual  solid  solubility  of  the  elements.  No 
phase  diagram  Bi-N  exists,  however,  the  formation  of  a  binary  nitride 
BiN  was  claimed  without  further  details  [78Fro] .  In  the  temperature 
range  25°  to  600°C  there  is  practically  no  solubility  of  N  in  Bi 
[76Fro] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Fig.l  represents  the  isothermal  section  at  200°C  (in  the  absence 
of  external  nitrogen  pressure).  Phase  equilibria  are  characterized  by 
the  compatibility  of  (Bi)  and  boron  nitride  with  no  mutual  solid 
solubility  as  indicated  from  X-ray  powder  analysis.  No  ternary 
compounds  have  been  observed  in  agreement  with  an  earlier  preliminary 
investigation  of  the  reaction  (i-Bi)  +  BN  at  800°C  [65Yas]. 

MISCELLANEOUS 


Nonwetting  behavior  (  ©  >  90°)  was  claimed  by  [65Yas]. 
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Table  1:  Solid  phases  at  200°C  in  the  system  B-Sn-N 


Phase  / 

Temperature 
Range  (°C) 

Pearson  Symbol/ 

Space  Group  / 

Prototype 

Lattice 

Parameters 

(  P«  ) 

Comments 

Bi 

hR2 

a=  454.60 

[85Vil] 

<271.44° 

R3m 

c=1186.2 

a- As 

/?-rhB 

hRlll 

a=l092 . 51 

C85Vil] 

<2092° 

R3m 

c=2381.43 

[85Vil] 

ft-  B 

BN. 

h#x 

hP* 

a=  250.4 

[85Vil] 

P6  /mmc 

c=  666.1 

BN 

h mx 

257 


Fig. 1 :  Isotheraal  section  at  200°C  in  the  systen  B  -  Bi  -  N 
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SYSTEM  LITHIUM  -  SILICON  -  NITROGEN  (Li-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Six  ternary  phases  are  reported  to  exist  in  the  systea  Li-Si-N 
[53Juz], [70Lan] , (87 Yam] .In  the  latter  work  the  phases  were  synthesized 
by  heating  mixtures  of  LJL.N  (prepared  froa  lithium  (purity:  2N;  from 
Wako  Pure  Chemical  Ind. Ltd. , Japan)  and  nitrogen  (purity:  5N))  and  Si3 N 
(UBE-SN-E  10  containing  2  wt%  oxygen;  froa  Ube  Ind.  Ltd. , Japan)  under 
nitrogen  at  T  ^  800°c  for  24h  and  aore. 

BINARY  SYSTEMS 

The  phase  diagraa  for  the  system  Li-Si  due  to  [85Mar]  is  reported 
in  [76Mof] .Crystal  structures  of  the  intermediate  phases  are  listed 
in  tab.  1.1. The  diagram  for  Li-N  is  given  in  [86Mas]  .LiaN  is  the  only 
stable  nitride  (tab. 1.1). In  addition, the  azide  Lil^  is  structurally 
characterized. No  phase  diagram  is  reported  for  Si-N.  sj^N4  exists 
in  two  modifications  ja  -S^N^  and  (?-SiaH  (tab.l.l)  .The  solubility  of 
nitrogen  in  silicon  is  very  low  [76Pro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Only  the  section  Ll.N-Si.1^  of  the  system  Li-Si-N  was  investigated 
(53Juz ] , [70Lan] [87Yaa] .At  800°C  the  sequence  of  coexisting  phases  is 
Si,N4-  L^SiN.-  L^SiN.-  Lial  SJ^-  Li.  SiN^-  Li.N  [87Yaml. 

Crystal  structure  data  of  these  phases  are  given  in  tab.l.l.  It  should 
be  noted, that  the  phase  labeled  Ll^  Sil^  by  [53Juz]  was  identified  as 
L^Si.^  by  [87Yaa]  and  the  phase  labeled  Li.sil^  by  [70Lan]  was 
identified  as  L^.Si.1^  by  [67Yaa].A  sixth  ternary  phase,  LiSizi^, 
was  observed  at  1200°C  by  [87Yaa]  and  at  above  750°c  by  [70Lan]. 
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Table  1.1: 

Solid  phases  in  the 

system  Li 

-  Si  -  N 

Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  group  / 

Parameters 

Range  (°C) 

Prototype 

(pm) 

Li 

cI2 

a=  351.0 

[85Vil); powder  pattern: 

Im3m 

ASTM  file  card  «  15-401 

W  (A2) 

Ha8*s 

CF432 

a=  1875 

[85V11]; powder  pattern: 

F23 

ASTM  file  card  «  18-747 

H.8i* 

HaPb, 

OP34 

as  799 

[85Vil]; powder  pattern: 

(H81*> 

Pbam 

b=  1521 

ASTM  file  card  #  29-830 

Li«  81« 

c=  443 

LlSi, 

hR7 

a=  443.5 

[85Vil] 

R3m 

c=  1813.5 

Ha8*. 

LlSi, 

OP152 

as  861.0 

[85Vil] 

Pnma 

b«  1973.8 

c«  1434.1 
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Tab .1.1  continued 


LlgN 

hP4 

a=  364.8 

[85Vil]; powder  pattern: 

P6/nu 

L^N 

c=  387.5 

ASTM  file  card  ff  30-759 

Lil^ 

■C8 

a=  562.7 

[]85Vill; powder  pattern 

C2/n 

AuSe 

b=  331.9 

C=  497.9 

n=  107.4° 

ASTM  file  card  #  22-680 

Si 

CF8 

Fd3n 

C  (A4) 

a=  542.86 

[85V11]; powder  pattern: 
ASTM  file  card  «  5-565 

a  -S^ 

hP28 

a=  781.8 

[ 8 5VilJ; powder  pattern: 

P31c 

S*A 

C=  559.1 

ASTM  file  card  #  9-250 

/1-Si,M4 

hP14 

a=  760.8 

[85Vil]; powder  pattern: 

P63/n 

Si,H4 

c=  291.1 

ASTM  file  card  #  29-1132 

33-1160 

•LiS^N, 

OC24 

a=  918.6 

[85Vil]; powder  pattern: 

*L^SiH2 

cnc24 

c^sasi 

b=  530.2 

c=  477.6 

ASTM  file  card  «  26-1186 

[70Lan); powder  pattern: 

ASTM  file  card  #  23-365 

•L^SiM, 

CI96 

I«3 

AXL^  (K9d) 

a=  472.40 

[87Tan]; 

gives  powder  pattern 

t** 

a=  1416.8 

[877aa]; powder  pattern: 

C=  1435.3 

ASTM  file  card  «  23-366 

and  in  [78Tan] 

t** 

a=  947.0 

C=  953.0 

[87Tan]; powder  pattern: 

ASTM  file  card  #  7-260 

and  in  [87Yaa] 

*L^SiM4 

t*° 

as  1021.7 

cs  953.6 

[70Lan); powder  pattern: 
given  in  [87Yaa] 
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SYSTEM  BERYLLIUM  -  SILICON  -  NITROGEN  (Be-Sl-N) 


INTRODUCTION  /  EXPERIMENTAL 

Seven  ternary  phases  are  reported  to  exist  in  the  systea  Be-si-N 
[SORab] , [67-lEck] , [67-2Eck] ,[75Hus ] , [77Tho J , [80Sch] . In  the  latter 
work  the  sables  were  prepared  iron  beryllium  nitride  (reactor  quality; 
from  Serva  Int . , erg)  and  silicon  nitride  (HCST  3733  containing  1.2  wt% 
carbon,  2.1  wt%  oxygen,  38.7  wt%  nitrogen;  fron  H.c.starck  Berlin, FRG) 
by  hot  pressing  (26MN/a  )  under  nitrogen  at  1760°c  for  45'. 

BINARY  SYSTEMS 

The  phase  dlagraa  for  the  systen  Be-Si  is  given  in  [86Mas].No  phase 
diagraas  are  reported  for  Be-N  or  Si-N.  b^N2  as  well  as  Si,  N,  exist 
in  two  aodifications  (tab. 2.1)  .Under  1<? Pa  N2  B^N2  Belts  at  2200°C 
(87Wri].The  solubility  of  nitrogen  in  silicon  as  well  as  in  beryllium 
is  very  low  (76Prol[87Wril . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


Only  the  section  Be,  l^-Si,  N  of  the  systea  Be-Si-N  was  investigated 
[60Rab], [67-lEck] ,  [67-2Eck] , (75Hus ] , [76Tho] , (77Tho] , [80Sch] .The  ter¬ 
nary  phases  found  can  be  described  by  the  general  foraula  Be  Si  N 

<J+ri  n  4+n 

At  1760°c  the  sequence  of  coexisting  phases  is  S^N4-  Be3iN2(n=o®  )  - 

~  Be^Si,  H  (n=6)  -  BetlS^N14(n*5)  -  Bes  Sl,N,(n=4)  -  Bep  syi10  (n=3)  - 
-  Be4SiN,(n=2)  -  Be7SiNj(n=l)  -  tf-Be^  [SOSchJ .Crystal  structure 
data  of  these  phases  are  given  in  tab. 2.1.  /?-b^N2  dissolves  2.5 
■ol%  S^N4  [808ch] . 
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Table  2.1:  Solid  phases  in  the  system  Be  -  Si  -  N 


Phase  / 

Temperature 

Range  (°C) 

Pearson  Symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(P«) 

Comments 

a-Be(r) 

hP2 

a=  228.58 

[85Vil]; powder  pattern: 

T<1270 

P6,/mmc 

C=  358.43 

ASTM  file  card  «  22-111 

Mg  (A3) 

^-Be(h) 

cI2 

as  255.15 

[ 85V11 ] 

T>1270 

Im3m 

H  (A2) 

cISO 

a=  815.0 

[85Vil]; powder  pattern: 

T<1450 

Ia5 

ASTM  file  card  *  4-786 

' 

H*Oa  (D^) 

33-192 

/J-Be,lla  (h) 

hPIO 

as  284.13 

[85Vil]; powder  pattern: 

T>1450 

P6a/mmc 

cs  969.3 

ASTM  file  card  1  12-649 

hi 
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Tab .2.1  continued 


Si 

CF8 

Fd3n 

C  (A4) 

a=  542.86 

[85Vil];powder  pattern: 
A8TM  file  card  #  5-565 

c-syi. 

hP28 

P31C 

as  781.8 

C=  559.1 

[85V11]; powder  pattern: 

ASTH  file  card  #  9-250 

'?‘SV,4 

hP14 

P6,/e 

SV« 

as  7 60 . 8 

cs  291.1 

[85Vil]; powder  pattern: 

ASTM  file  card  #  29-1132 

33-1160 

*BeSil£ 

OP16 

Pna24 

MnSil£ 

as  497.7 

b=  574.7 

c=  467.4 

[85V11]; powder  pattern: 

ASTM  file  card  «  20-167 

•Besi*^ 

hP4 

P63«c 

ZnS  (B4 ) 

a=  286.9 

cs  466.8 

[85Vil] ; powder  pattern: 

ASTM  file  card  #  38-1430 

*Be«Sla,l 

hR54 

a=  286.2 

c=  6511 

[ 7 6Tho]; powder  pattern: 

ASTM  file  card  #  32-103 

hR42 

as  286.0 

cs  5098 

[76ThoJ; powder  pattern: 

ASTM  file  card  #  32-104 

**%***»« 

hP24 

as  286.0 

cs  2910 

[ 7 6ThoJ; powder  pattern: 

ASTM  file  card  #  32-102 

hR30 

as  285.7 

cs  3632 

[76Tho]; powder  pattern: 

ASTM  file  card  #  32-106 

hP16 

as  286.2 

cs  1922 

(76TboJ; powder  pattern: 
ASTM  file  card  #  32-105 

hit* 

as  286.1 

cs  2152 

(77Tbo]; powder  pattern: 
ASTM  file  card  #  33-196 
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SYSTEM  MAGNESIUM  -  SILICON  -  NITROGEN  (Mg-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

One  ternary  phase  is  reported  to  exist  in  the  systen  Mg-Si-N 
[72Dav]  .The  phase  was  synthesized  fro*  m^N2  (prepared  using  magne- 
siun  (purity:  2N8;  fros  Th . Schuchardt , France )  and  desoxidized  nitrogen) 
and  S^H4  (<*V5  si^  containing  0.5  to  2  wtk  free  silicon;  fro* 

Th. Schuchardt, France) . 

BINARY  SYSTEMS 

The  phase  diagra*  for  Mg-Si  is  given  in  [86Mas].No  phase  diagrams 
are  reported  for  Mg-N  or  Si-N .  M^NZ  reportedly  exists  in  three 
■odifications  SSS  c  ft  7""  c  y  [65BllJ.Only  the  crystal  structure 
fora-M^l^  is  reported  (tab. 3 . 1 )  .The  *elting/dissoziation  temperature 
is  1520®C  [65E11  ] . Si^H^  exists  in  two  modifications:  ~-Si3  N  and 
ft-Si aN4  (tab. 3.1)  .The  solubility  of  nitrogen  in  silicon  is  very  low 
l76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Only  the  section  M^M^-S^H4  of  the  system  Mg-si-N  was  investigated. 

At  1200°c  a  ternary  phase  MgSll£  (tab. 3.1)  was  observed  [72Dav).At 
1600°c  M^N2  dissolves  5  molt  SlaN4  (85Uch). 

REFERENCES 

(65E11)  R.P. Elliott , "Constitution  of  Binary  Alloys, First  Supplement", 
(MCGraw  Rill, New  York, 1965)  p  592 

(72Dav)  J. David, "Study  on  Mg.N,  and  some  of  its  Compounds", Rev. Chim. 
Miner .9  (1972)  717-*? 

[76Fro]  E. Fromm  and  E.Gebhardt,”Gase  und  Xohlenstoff  in  Metallen” 
(Springer, Berlin, 1976) 

(85Uch)  M . Uchida , M . Xoizunl  and  M.Shimada, "Fabrication  of  Si  N  Ceramics 
with  Metal  Nitride  Additives  by  Isostatic  Hot  Pressing", 

J.Amer. Ceram.  Soc.gt  (19S5)  C38-C40 

(S5V11)  P.Villars  and  L.D. Cal vert, "Pearsons  Handbook  of  Crystallographic 
Data  for  Intermetalllc  Phases "(Aner.Soc. Me t. , Metals  Park, OH., 
1985) 

(SiMas]  T.B.Massalski  (ed. ), "Binary  Alloy  Phase  Diagrams"  (Amer.Soc. 
Met., Metals  Park, OH. ,1986) 
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Table  3.1:  Solid  phases  in  the  systea  Mg  -  Si  -  N 


Phase  / 

Temperature 

Range  (°C) 

Pearson  Symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(P«) 

Coaaents 

Mg 

hP2 

as  320.89 

[85V11]; powder  pattern: 

P6a  /nc 

c=  521.01 

ASTM  file  card  «  35-821 

Mg  (A3) 

M^Si 

CF12 

a=  633.8 

(85V11J; powder  pattern: 

Fa3a 

ASTM  file  card  «  35-773 

ca^  (Cl) 

«-MgaN2 

cI80 

as  996.4 

[ 8 5Vil); powder  pattern: 

T<550 

la3 

ASTM  file  card  #  35-778 

MI^  0,  (D5,  ) 

Si 

cF8 

as  542.86 

[85Vil]; powder  pattern: 

Fd3a 

ASTM  file  card  ff  5-565 

C  (A4) 

o.  -SJ.H 

hP28 

as  781.8 

[85Vil]; powder  pattern: 

P31c 

C=  559.1 

ASTM  file  card  «  9-250 

s' 

CO 

hP14 

as  760.8 

[85V11]; powder  pattern: 

P6,/a 

c=  291.1 

ASTM  file  card  #  29-1132 

SJ»". 

33-1160 

•MgSil^ 

OP16 

as  527.9 

[85V11]; powder  pattern: 

Pna2t 

bs  647.6 

ASTM  file  card  «  25-530 

MnSU^ 

cO  499.2 
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SYSTEM  CALCIUM  -  SILICON  -  NITROGEN  (Ca-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Three  ternary  phases  are  reported  to  exist  in  the  systea  Ca-Si-N 
[66-lLau] , [66-2Lau] , [68Lau] .The  speciaen  were  synthesized  froa  c^N2 
(prepared  froa  calciua  (froa  Planet, France)  purified  by  vacuua  des- 
stillation  and  desoxidized  nitrogen)  and  s^l4  81^;  froa 

Th.Schuchardt, France)  by  heat  treataent  under  nitrogen  at  T  £  H80°c. 

BINARY  SYSTEMS 


Phase  diagrams  for  the  systeas  Ca-Si  and  Ca-N  are  given  in  [86Mas]. 
Additional  phases  (tab. 4. 19)  are  reported  for  both  systeas. No  phase 
dlagraa  is  reported  for  Si-N.  Sia  ^  exists  in  two  aodifications : 

31  “SljN^  and  ^-Sial^  (tab. 4.1)  .The  solubility  of  nitrogen  in  silicon 
is  very  low  l76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Only  the  section  C^Nj  -Si^  of  the  systea  Ca-Si-N  was  investigated 
[66-lLau), [66-2Lau], [68Lau].At  1180°C  the  sequence  of  coexisting  phases 
is  S1jN4-  caSiN2-  C^Si2No-  Ca^SiN^  -  C^N2  [68Lau] .  The  crystal 
structures  of  these  phases  were  not  deterained  (tab. 4.1).  At  1050°c 
^-C^N,  dissolves  1  aol  %  Si^  [66-2LauJ  [68Lau] . 


REFERENCES 

(66-lLau)  T. Laurent  and  J. Lang, "On  the  coapounds  of  Silicon  Nitride 
with  Calciua  Nitride”, Coapt. Rend. Acad. Sci. Paris, C262  (1966) 
103-106  - 

(66-2Lau)  T. Laurent  and  J. Lang, "Study  of  the  Ca,^  Rich  Phases  in  the 

Binary  Ca  N  -St  N  ", Coapt. Rand. Acad. Sci. Paris, C263  (1966) 
340-343  - 

(68Lau)  T. Laurent, "Contribution  to  the  study  of  the  Systeas  Calciua- 

Mltrogen  and  Calciua-8111con-Nltrogen",Rev.Chia.Miner.5  (1968) 
1019-1050 

C76Fro]  E.Froaa  and  E.Gebhardt,"Gase  und  Kohlenstoff  in  Metal len” 
(Springer, Berlin, 1976) 
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[85V11 ]  P.Villars  and  L. D. Cal vert, "Pearsons  Handbook  of  crystallographic 
Data  for  Internetallic  Phases "(Aaer.Soc.  Mat. ,  Metals  Park, OH., 
1985) 

[86Mas]  T.B.Hassalski  (ed. ), "Binary  Alloy  Phase  Diagrams"  (Aner.Soc. 
Net., Metals  Park, OH. ,1966) 


Table  4.1: 

Solid  phases  in  the 

systea  ca  - 

Si  -  N 

Phase  / 

Pearson  Synbol/ 

Lattice 

Coaaents 

Tenperature 

Space  group  / 

Paraaeters 

Range  (®C) 

Prototype 

(pa) 

oi-ca(r) 

CF4 

as  558.84 

[85V11J; powder  pattern: 

T<443 

Fb3b 

ASTM  file  card  «  23-430 

Cu  (Al) 

tf-Ca(h) 

CI2 

as  448.0 

[85VilJ; powder  pattern: 

T>443 

Ib3b 

astm  file  card  «  10-348 

W  ( A2 ) 

C^Si 

OP12 

as  766.7 

[ 8 5Vil ]; powder  pattern: 

Pnaa 

bs  479.9 

ASTM  file  card  f  28-235 

Cc^Si  (C23) 

C=  900.2 

C^Si, 

tX32 

as  764 

[85V11]  note:  not  ind. 

14/bcb 

cs  1462 

in  the  phase  diagran 

Cl^B,  (D8^  ) 

CaSl 

OC8 

as  454.5 

(85Vil); powder  pattern: 

CBCB 

bs  1072.8 

ASTM  file  card  #  26-324 

CrB  (B33) 

cs  389.0 

CaS^ 

hR6 

as  385.5 

[85V11); powder  pattern: 

r3b 

cs  3060 

ASTM  file  card  «  1-1276 

Ca8^(C12) 

Tab. 4.1  continued 


Cfl^N 

bR3 

R3a 

8a  (C19) 

a=  363.8 

c=  1878 

[85V11]; powder  pattern: 
A8TM  file  card  #  21-837 

or: 

a** 

a«  753.5 

b=  363.8 

c*  629.9 

ft*  123.85° 

[68Lau] 

a  -C^ 

CX80 

Xa3 

»®%Oa  <D5.) 

a=  1147.3 

[85Vil]; powder  pattern: 

ASTH  file  card  f  22-152 

o*40 

as  1782 

b=  1156 

C=  358 

[ 8 5Vil]; powder  pattern: 

ASTM  file  card  «  21-153 

C^M. 

tP38 

P4z/ana 

a=  1445 

c=  360 

[85Vil]; powder  pattern: 

ASTM  file  card  #  22-151 

CaN 

O 

oF56 

Fddd 

a=  1132 

bs  1107 

C=  595 

[85Vil]; powder  pattern: 

ASTM  file  card  «  21-832 

Si 

CF8 

Fd3a 

C  <A4) 

as  542.86 

[85V11]; powder  pattern: 

ASTM  file  card  «  5-565 

«  -syi4 

hP28 

as  781.8 

[85Vil]; powder  pattern: 

P31c 

C=  559.1 

ASTM  file  card  #  9-250 

ft-*K** 

*caSU| 

*C^SiW4 

*<V**»!, 

hP14 

P6,/a 

a=  760.8 

cs  291.1 

(85Vil]; powder  pattern: 
ASTM  file  card  #  29-1132 

33-1160 

[68I.au ]; powder  pattern: 
ASTM  file  card  «  20-230 

[68Lau]; powder  pattern: 
ASTM  file  card  *  21-162 
[68Lau] ; powder  pattern: 
ASTM  file  card  #  21-160 
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SYSTEM  STRONTIUM  -  SILICON  - 


(Sr-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Two  ternary  phases  are  reported  to  exist  in  the  systen  Sr-Si-N 
[696au].The  samples  were  synthesised  froe  si^  (prepared  from 
strontiun  purified  by  vacuua  distillation  and  desoxidised  nitrogen) 
and  8^N4  («-/?  Sia  N  ,  froe  Th .  Schuchardt ,  Prance )  by  heat  treatment 
under  nitrogen  at  960°C. 

BINARY  SYSTEMS 

A  phase  diagram  for  the  system  Sr-Si  is  given  in  [86Mas].ln 
addition  the  phases  Si^Si  and  Sr3  Si^  are  reported  (tab.5.1). 

No  phase  diagrams  are  reported  for  Sr-N  or  Si-N. In  the  Sr-N  system 
a  phase  ranging  in  composition  fron  SrNQ  s  to  SrNQ  <57  as  well  as  the 
azide  SrN,  are  structurally  characterized  (tab.5.1)  .Sr3i^  melts  at 
1030°C  [  65E11  ] .  Si^N^  exists  in  two  modifications  :a-si3l^  and  /?-Si3H 
(tab.5.1) .The  solubility  of  nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

Only  the  section  Sx^N2  -Sl^N^  of  the  system  Sr-Si-N  was  investigated 
[69Gau] .At  960°C  the  sequence  of  coexisting  phases  is  S^N^-  SrSiNz- 
-  Sr^SiN^  -  Si^N2  [69Gau].  The  crystal  structures  of  these  phases 
were  not  determined  (tab.5.1). 

REFERENCES 

(65E11)  R.P. Elliott, "Constitution  of  Binary  Alloys, First  Supplement", 
(McGraw  Hill, New  York, 1965) 

(69Gau)  J.Gaude  and  J. Lang, "On  the  System  Si  M  -Sr  H, " , Comp t. Rend. 

Acad. Sc i. Paris  C268  (1969)  1785-178ar 

[70Gau]  J.Gaude  and  J. Lang, "The  System  Strontium-Nitrogen", Rev. Chim. 
Miner .7  (1970)  1059-1067 

[76Fro]  E. Fromm  and  E.Gebhardt,"Gase  und  Kohlenstoff  in  Metallen" 

( Springer , Bar 1 in , 1976 ) 

(85V11 ]  P.Vlllars  and  L.D. Cal vert, "Pearsons  Handbook  of  Crystallographic 
Data  for  Internetallic  Phases” (Aner.soc. Met. , Metals  Park, OH., 
19S5) 

(86Mas J  T.B.Massalskl  (ed. ), "Binary  Alloy  Phase  Diagrams"  (Amer.Soc. 
Met., Metals  Park, OH. ,1986) 
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Table  5.1:  Solid  phases  in  the  system  Sr  -  si  -  N 


Phase  / 

Temperature 

Range  (®c) 

Pearson  Symbol/ 

Space  group  / 

Prototype 

Lattice 

Parameters 

(PR) 

Comments 

a-Sr(r) 

cF4 

a=  606.4 

[85V11]; powder  pattern: 

T<547 

H3i 

CU  ( A1  / 

ASTM  file  card  #  15-305 

tf-Sr(h) 

CI2 

a=  487 

[86Mas]; powder  pattern: 

T>547 

Im3m 

W  (A2) 

ASTM  file  card  #  15-288 

Sl^Si 

OP12 

a=  811 

[85V11 J  note:  not.  incl. 

Pnma 

b=  515 

in  the  phase  diagram; 

Cc^Si  (C23) 

c=  954 

powder  pattern: 

ASTM  file  card  #  30-1303 

si^si, 

tI32 

a=  805.5 

[85Vil]  note:  not  incl. 

I4ce 

Sl^Sl, 

cs  1568.8 

in  the  phase  diagram 

sr  si 

OC8 

as  482.6 

[85Vil]; powder  pattern: 

CmcB 

CTB  (B33 ) 

b=  1128.7 

c=  404.2 

ASTM  file  card  #  16-8 

SrSlg 

CP12 

P4-32 

SrSi2 

as  654.0 

[85V11]; powder  pattern: 
ASTM  file  card  *  38-1366 

Sl^N 

hR3 

as  724.6 

[85V11]; powder  pattern: 

R3m 

Sn  (C19) 

as  30.8® 

ASTM  file  card  #  27-855 

or: 

■** 

hP* 

as  719 

bs  385 

cs  665 

ft  =  108® 

[70Gau] 
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Tab. 5.1  continued 


sr*a 

Si 

a-syi4 

•SrSil^ 

*Sr;SiNA 


OF56 

a=  1180.88 

Fddd 

b=  1153.43 

C=  611.62 

CF8 

a=  542.86 

Fdiia 

C  (A4) 

hP28 

a=  781.8 

P31C 

c=  559.1 

hP14 

a=  760.8 

P63/e 

c=  291.1 

to 

** 

[85V11]; powder  pattern: 
ASTM  file  card  #  21-1466 

[ 85 Will; powder  pattern: 
ASTM  file  card  «  5-565 

[ 8 5Vil]; powder  pattern: 
ASTM  file  card  #  9-250 

[85V11]; powder  pattern: 
ASTM  file  card  #  29-1132 

33-1160 

[ 6 9Gau]; powder  pattern: 
ASTM  file  card  #  22-1438 


[69Gau]; powder  pattern: 
ASTM  file  card  #  22-1439 
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SYSTEM  BARIUM  -  SILICON  -  MXTROGKN  (Ba-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

One  ternary  phase  is  reported  to  exist  in  the  systen  Ba-Si-N 
[ 72Gau ] ,  [84Mor ] . The  sanples  were  synthesized  fron  b^N2  and  Sl^l£ 
by  heat  treating  under  nitrogen  at  1000°c  [72Gau]  or  1500°c  [84Mor]. 

BINARY  SYSTEMS 

For  the  systen  Ba-Si  a  phase  diagran  is  given  in  [86Mas] .Several 
additional  phases  are  reported  to  exist  (tab. 6.1). No  phase  diagrams 
are  reported  for  Ba-N  or  Si-N.The  nitride  Ba^  and  the  azide  BaN, 
are  structurally  characterized  (tab. 6.1) .81^  exists  in  two 
aodifications:  a-S^N4  and  /?-Sia  N  (tab. 6.1)  .The  solubility  of 
nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


The  section  of  the  systen  Ba-Si-N  was  investigated 

[72Gau] [84Mor ] .The  only  ternary  phase  observed  is  BaSiNz  (tab. 6.1). 


REFERENCES 

[72Gau]  J.Gaude  and  J. Lang, "On  the  Preparation  of  Ba^  and  a  Phase 

of  the  Type  BaSiN  ", conpt. Rend. Acad. Sc i. Paris  C274  (1972) 

521-523 

(76Fro)  E.Fronn  and  E.Gebhardt, "Gase  und  Kohlenstoff  in  Metallen" 

( springer , Berlin , 1976 ) 

[84Mor]  P.E.D. Morgan, "X-Ray  Powder  Diffraction  Pattern  and  unit  Cell 
of  BaSiN^ " ,  J . Mater .  Sci . Lett .  3  (1984)131-132 

[85V11]  P.villars  and  L.D. Cal vert, "Pearsons  Handbook  of  Crystallographic 
Data  for  Internetallic  Phases "(Aner.soc. Met.  .Metals  Park, OH., 
1985) 

[86Mas]  T.B.Massalski  ( ed .), "Binary  Alloy  Phase  Diagrams"  (Aner.soc. 
Met., Metals  Park, OH. ,1986) 
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Table  6.1:  Solid  phases  in  the  syetes  Be  -  Si  -  N 


Phase  /  Pearson  Symbol/  Lattice  Consents 

Temperature  Space  group  /  Parameters 


Range  (°c)  Prototype  (pm) 


Ba 

cl  2 

Xm3m 

H  (A2) 

as  501.3 

[85V11]; powder  pattern: 
ASTM  file  card  #  6-235 

B^Si 

oP12 

as  643 

[85V11]; powder  pattern 

Pnma 

bs  540 

A STM  file  card  #  30-154 

Co, Si  (C23 ) 

C=  988 

note:  not  included  in 

the  phase  diagram 

B^Si3 

tP32 

a=  843.6 

[ 8 5Vil); powder  pattern: 

P4/ncc 

B^Sia 

C=  1653.5 

ASTM  file  card  #  27-187 

note:  not  included  in 

the  phase  diagram 

BaSi 

OC8 

a=  504.2 

[ 85 Vil ] ; powder  pattern : 

cmcm 

CrB  (B33) 

bs  H97 

C=  414.2 

ASTM  file  card  #  19-135 

B^Si^ 

tP28 

as  852 

[85V11 J  note:  not  incl. 

P4z/mnm 

B^Si4 

cs  H84 

in  the  phase  diagram 

Basj^ 

hP3 

P6/mmm 

Al%  (C32) 

as  439 

cs  483 

[85Vil ] ; 

BaS^ 

OP24 

as  892 

[85Vil]; powder  pattern: 

Pnma 

Bas^ 

bs  680 

cs  H58 

ASTM  file  card  4  31-163 

bP* 

as  522 

[85Vil]; powder  pattern: 

tBa.NJ 

Cs  550 

ASTM  file  card  #  27-39 

Bam 

© 

mP14 

as  959 

[85V11]; powder  pattern: 

P24/m 

bs  439 

cs  542 

/?s  99.7° 

ASTM  file  card  #  18-154 
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Tab. 6.1  cont 


SI 

CF8 

Fdie 

C  (A4) 

a=  542. 8( 

hP28 

as  781.8 

P31c 

S^H4 

c-  559.1 

/?-syi. 

bP14 

as  760.8 

P6a/n 

c=  291.1 

*BaSU^ 

o** 

a=  559 

bs  754.2 

c=  1134. 

.4 

-j 

[85V11]; powder  pattern: 

A8TM  file  card  *  5-565 

[85V11]; powder  pattern: 

ASTM  file  card  #  9-250 

[85V11]; powder  pattern: 

ASTM  file  card  «  29-1132 

33-1160 

[84Mor]; powder  pattern: 

ASTM  file  card  «  36-1257 
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SYSTEM  SCANDUM  -  SILICON  -  NITROGEN  (Sc-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Sc-Si-N  at  800°c  and  1000°c  were  deterained 
by  x-ray  analysis  (90Wei] .The  alloys  were  prepared  using  powders  of 
SJ^  (Mixture  of  a-Si^  and  (5-Si^l£,58  at*  si),  silicon  (purity: 
3N)  both  froa  Alpha  Div.,Ventron  Corp.,  USA  and  scandiua  (purity  4N; 
froa  Rare  Barth  Products  Ltd. , UK) .Cold  pressed  aixtures  of  these 
powders  and/or  of  powders  of  aaster  alloys  aade  thereof  were  sealed 
in  evacuated  quartz  tubes  lined  with  Mo  foil  and  heat  treated  for 
340h  at  800°C  or  170h  at  1000°C. 


BINARY  SYSTEMS 

The  phase  diagraa  for  Sc-Si  due  to  [86Gok]  is  reproduced  in  [76Mof]. 
The  interaediate  phases  are  described  in  tab. 7.1. The  decoaposition  of 
the  phase  ScSi^  (Sca  S^ )  into  ScSi  +  Si  is  observed  at  teaperatures 
below  1000°C  [87Sch].No  phase  diagraas  are  reported  for  Sc-N  or  Si-N. 
At  noraal  pressure  ScN  is  the  only  stable  scandiua  nitride  [72Kie]. 
SljN^  exists  in  two  aodifications  cot-si, and  f?-sia N  (tab. 7.1)  .The 
solubility  of  nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHA8ES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  the  systea  Sc-Si-N  ( tab .7.1). ScN 
doainates  the  isotheraal  section  at  800°c  (fig. 7.1  [90Wei]):  It 
coexists  with  all  phases  stable  at  this  teaperature.At  1000°c 
(fig. 7. 2  (90Wei])  ScN  coexists  with  all  three  binary  scandiua 
sllicides  but  not  with  silicon. Thus,  Sj,H4  in  contact  with  scandiua 
is  decoaposed  at  elevated  teaperatures. 
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Table  7.1: 

Solid  phases  in  the 

systea  Sc 

-  Si  -  H 

Phase  / 

Pearson  Symbol/ 

lattice 

Co— ants 

Temperature 

Space  group  / 

Paraneters 

Range  (°C) 

Prototype 

(P») 

a-Sc(r) 

hP2 

a*  330.8 

[85V11]; powder  pattern: 

T<1337 

P6a  /uc 

c=  526.7 

ASTM  file  card  «  17-714 

Mg  (R3) 

ft-Sclh) 

cI2 

a=  454.1 

[86Mas] 

T>1337 

Ia3n 

*  (A2) 

H81. 

hP16 

a«  786.1 

[ 85V11 ] ; powder  pattern: 

P6a/ncn 

c=  581.2 

ASTM  file  card  #15-189 

Ml^Sij  (D^,) 

SCSI 

OC8 

a=  398.8 

[85Vil]; powder  pattern: 

Chen 

b=  988.2 

ASTM  file  card  #  18-1161 

CrB  (B33 ) 

C=  365.9 

8C84-x 

hP3 

as  366 

[85Vil]; powder  pattern: 

(S^Sl^) 

P6/ann 

c=  387 

ASTM  file  card  #  17-93 

T>eoo 

Al%  (C32) 

ScN 

CP8 

as  450.5 

[85Vil]; powder  pattern: 

Fa  5a 

ASTM  file  card  «  3-951, 

NaCl  (Bl) 

31-1493,35-753 

Si 

cP8 

as  542.86 

[85Vil]; powder  pattern: 

Fd3a 

ASTM  file  card  #  5-565 

c  <A4) 

hP28 

a=  781.8 

[ 8 5Vil]; powder  pattern: 

P31c 

cs  559.1 

ASTM  file  card  #  9-250 

8V* 

bPl4 

as  760.8 

[85V11J; powder  pattern: 

P6,/n 

cs  291.1 

ASTM  file  card  #  29-1132 

8V* 

33-1160 

■if 


20 


Pig. 7.1:  Isotheraal  section  observed  in  the  systen  sc  -  8i  -  N 
at  800°C  (in  the  absence  of  external  nitrogen  pressure) 


N 


Si  20  10  ScSi  Sc5Si3  80  £c 

-  "  -  Qt  */•  SC 


Pig. 7. 2:  Isothermal  section  observed  in  the  system  Sc  -Si  -  N 

at  1000°C  (in  the  absence  o£  external  nitrogen  pressure) 


N 


SYSTSM  YTTRIUM  -  SILICON  -  NITR06BN  (Y-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Three  ternary  phases  are  reported  to  exist  at  1700*c  in  the  systen 
Y-Si-K  [86Jac].No  experiaental  details  are  given. 

BINARY  SYSTEMS 

The  phase  diagraa  for  Y-Si  is  given  in  [86Mas]  and  was  therao- 
dynaaically  aodelled  by  [89Ran].The  interaediate  phases  are  described 
in  tab. 8.1.  A  tentative  phase  diagraa  for  Y-N  was  proposed  by  [74Car] 
and  is  reproduced  in  [76Mof].No  phase  diagraa  is  reported  for  ji-N. 
S^N4  exists  in  two  modifications  za-Sl^  1^  and  f?-Sia  N  (tab. 8.1)  .The 
solubility  of  nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PRASES  /  ISOTHERMAL  SECTIONS 

Only  the  section  YN-SijN^  of  the  system  Y-Si-N  was  investigated 
(8SUch](86Jac]  .At  1700°c  the  sequence  of  coexisting  phases  is  Si^- 
-  YS^Hj-  ToS^N10“  [86Jac].The  crystal  structures  of 

these  phases  were  not  reported. dissolves  3  nol%  YN  at  1650°c 
and  5  aolt  YN  at  1800°c  [85Uch ]  .Using  the  thernocheaical  data  given 
in  tab. 8. 2  an  isotheraal  section  for  1000°C  is  calculated  (fig. 8.1) 
showing,  that  SJ^N^  does  not  coexist  with  yttriua  at  high  teaperatures . 
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Table  8.1:  Solid  phases  in  the  system  T  -  81  -  N 


Phase  / 
Temperature 

Range  (°C) 

Pearson  Symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(P«) 

Comments 

«-Y(r) 

hP2 

as  365  09 

[85V11]; powder  pattern: 

T<1478 

P6a/mmc 

c=  573.88 

ASTM  file  card  #  33-1458 

Mg  (A3) 

/5-Y  Ch) 

cI2 

c=  (407) 

[86Mas] 

T>1478 

Xm3m 

w  (A2) 

W 

hP16 

a=  840.3 

[ 8 5Vil); powder  pattern: 

P6a/mcm 

c=  630.3 

ASTM  file  card  «  24-1026 

MJ^Si,  (Dl*,) 

V1* 

OP36 

a=  739 

[85V11 ] 

Pnma 

b=  1452 

SBbGe4 

c=  764 

TSi 

oC8 

as  425.1 

[85V11]; powder  pattern: 

Caen 

b=  1052.6 

ASTM  file  card  #  12-620 

CrB  (B33 ) 

cs  382.6 

TSV* 

hP3 

as  384.2 

[85V11]; powder  pattern: 

P6/nnn 

c=  414.0 

ASTM  file  card  #  11-596 

A1BZ  (C32) 

YSJ^r) 

0112 

as  405 

[85V11]; powder  pattern: 

T<1250 

Inna 

b=  395 

as™  file  card  #  11-324 

Gdsij 

c=  1322 

tI12 

as  404 

[85Vil ] 

(T,81,) 

I4i/and 

cs  1342 

T>1250 

ThSi*  (Cc) 

YH 

CF8 

a=  488.9 

[85V11]; powder  pattern: 

FB3n 

as™  file  card  #  10-221 

Had  (Bl) 

35-779 

81 

C78 

as  542.86 

[85V11]; powder  pattern: 

Fdiis 

as™  file  card  #  5-565 

C  (A4) 
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Tab. 8.1  continued 


hP28 

as 

P31c 

c- 

hP14 

a= 

P6a/m 

.  c= 

*wi 

781.8  [85V11]; powder  pattern: 

559.1  A STM  file  card  #  9-250 

760.8  [85V11]; powder  pattern: 

291.1  ASTM  file  card  #  29-1132 

33-1160 

[86Jac] 

[86Jac] 

[86Jac] 


Tab. 8. 2: Thermodynamic  data  for  the  solid  phases  in  Y  -  Si  -  N 


phase 

ag®  (J/gramatom) 

Comment 

.1429  Si,H4 

-124602  «■  57.95  T 

{76Fro] 

.3333  YSlj 

-38921  +  2.500  T 

[89Ranl 

.1250  ^Si, 

-44430  -f  4.0  T 

[89Ran] 

.5000  TSi 

-61920  +  10.665  T 

[89Ran] 

.1111  ^si4 

-65150  ♦  12.60  T 

[89Ran] 

.1250  \SX* 

-60000  4-  11.187  T 

[89Ran] 

.5000  YH 

-149490  +  41.72  T 

(289  1134K) 

[78Fro] 

-152415  4  44.32  T 

( 1134-1193K) 

[78Fro] 

-154515  +  46.105  T 

(U93-2273K) 

(78Fro] 
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Fig. 8.1:  Isothermal  section  calculated  for  the  system  Y  -  Si  -  H 

at  1000°C  (ignoring  the  possible  existence  of  ternary  phases) 


N 


Qt  %  Y 


SYSTEM  LANTHANUM  -  SILICON  -  NITROGEN  (La-8i-N) 


INTRODUCTION  /  EXPERIMENTAL 

One  ternary  phase  is  reported  in  the  systen  La-si-N  [80ino][81Hol] . 
In  the  latter  work  saaples  were  prepared  by  hot  pressing  froa  LaN  and 
81^1^  at  1800°c. 

BINARY  SYSTEMS 

No  phase  diagrams  are  reported  for  any  of  the  binary  boundary 
systeas.Six  intermediate  lanthanum  silicides  are  known  (tab. 9.1). 

The  phase  LaN  is  under  normal  pressure  the  only  stable  lanthanun 
nitride  [72Kie].S^N4  exists  in  two  modifications  ta-Slgt^  and  /?-Sial^ 
(tab. 9.1) .The  solubility  of  nitrogen  in  silicon  is  very  low  [76Pro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


The  ternary  phase  LaSi^N,  [80lno] [81hol ] ]  is  described  in  tab. 9.1. 
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Table  9.1:  Solid  phases  in  the  systea  La  -  Si  -  N 


Phase  / 
Teaperature 

Range  (°c) 

Pearson  Syabol/ 
Space  group  / 

Prototype 

Lattice 

Paraaeters 

(pa) 

coaaents 

o-La(r) 

hP4 

a=  377 

[85V11]; powder  pattern: 

T<310 

P6,  /nc 

La  (A3 ') 

C=  1215.9 

astm  file  card  #  2-618 

/?-La(h) 

CF4 

a=  929.1 

[ 8 5Vil]; powder  pattern: 

310<T<865 

FH3n 

'  CU  (Al) 

ASTM  file  card  #  2-607 

r-L a(h) 

T>865 

cI2 

Ia3a 

W  (A2) 

a=  426 

[85V11J 

I^Si, 

tI32 

a=  795.3 

[85V11]; powder  pattern: 

X4/ncn 

Cl^Ba  (D8t) 

C=  1404 

ASTM  file  card  #  20-555 

L^Si, 

tPIO 

as  787 

[85Vil]; powder  pattern: 

P4/nbn 

HS1*  (D5a) 

cs  450 

ASTM  file  card  «  19-660 

H8i* 

tP36 

P4»  2t  2 

as  804 

bs  1543 

[85V11] 

LaSi 

oP8 

as  838 

[85Vil]; powder  pattern: 

Pnata 

FeB  (B27) 

bs  399 

c>  602 

ASTM  file  card  ft  19-661 

LaSJ^(r) 

0112 

as  427.0 

[85Vil]; powder  pattern: 

GdSjj, 

bs  417.0 

cs  1405 

ASTM  file  card  ft  20-553 

LaS^(h) 

tI12 

as  432.2 

[85Vil]; powder  pattern: 

Z4ft/aad 

(Cc) 

cs  1386 

ASTM  file  card  ft  6-471 

LaN 

CF8 

rafa 

Maci  (Bl) 

as  530.5 

[85V11]; powder  pattern: 
ASTM  file  card  ft  15-892 
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Tab. 9. 1  continued 


81 

CF8 

a=  542.86 

[65V11];  powder  pattern: 

Fdfia 

ASTM  file  card  ff  5-565 

C  (A4) 

«-sv* 

hP28 

a=  781.8 

[85V11]; powder  pattern: 

P31c 

C=  559.1 

ASTM  file  card  f  9-250 

■ 

hP14 

a=  760.8 

[85V11J; powder  pattern: 

P6,/a 

c=  291.1 

ASTM  file  card  ff  29-1132 

*\»* 

33-1160 

•Las^ 

oP36 

a=  783.8 

I 8 5V11]; powder  pattern: 

P2*  ^ 

b=  1123.6 

given  in  [80Ino] 

Lasi,!^ 

C=  480.7 

8T8RN  CERIUM  -  SILICON  -  NITROGEN  (Ce-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Ce-Si-N  at  1000+C  Mere  determined  by  x-ray 
-analysis  [90Wei].The  alloys  were  prepared  using  powders  of 
8^N4  (mixture  of  «-8i^H  and  tf-81^,58  at%  Si),  silicon  (purity: 

3M)  both  from  Alpha  Div.  ,Ventron  Corp. ,  USA  and  ceriun  (purity  3N; 
from  Rare  Earth  Products  Ltd.  ,DX)  .Cold  pressed  mixtures  of  these 
powders  and/or  of  powders  of  master  alloys  made  thereof  were  sealed 
in  evacuated  quarts  tubes  lined  with  Mo  foil  and  heat  treated  for 
240h  at  1000°C. 

BINARY  SYSTEMS 

The  phase  diagram  for  Ce-Si  (fig. 10.1)  was  assessed  in  [89Mun]. 

The  intermediate  phases  are  described  in  tab.  10.1.  A  tentative  phase 
diagram  for  Ce-N  is  given  in  [S6Mas].No  phase  diagram  is  reported 
for  Si-N.  S^M4  exists  in  two  modifications  ja-si,*^  and  /?-Si^l£ 

(tab. 10.1) .The  solubility  of  nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  the  system  Ce-Si-N  (tab. 10. l) .The 
isothermal  section  at  1000°c  (fig. 10. 2  [90Wei])  shows  CeN  to 
coexist  with  all  six  binary  cerium  slllcides  as  well  as  silicon 
nitride  but  not  with  silicon. Thus,  Si,^  in  contact  with  cerium  is 
decomposed  at  elevated  temperatures. 
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Table  10.1:  solid  phases  in  the  systea  ce  -  si  -  n 


Phase  / 
Temperature 

Range  (°C) 

Pearson  Syabol/ 
Space  group  / 

Prototype 

Lattice 

Panaeters 

U») 

connects 

/J-Ce(r) 

hP4 

as  368.10 

[85V11] 

T<61 

P6,  /mmc 

La  (A3') 

c=  1185.7 

r- Ce(h) 

CP4 

as  515.58 

[85V11]; powder  pattern: 

61<T<726 

m3a 

CU  (Al) 

ASTM  file  card  «  8-56 

<5-Ce(h) 

T>726 

cI2 

lain 

w  (A2) 

as  412.0 

[86Mas] 

C«S,Si, 

tI32 

a=  789 

[ 8 5Vil); powder  pattern: 

I4/ncn 
<^Ba  (D8t) 

C=  1377 

ASTM  file  card  #  19-297 

tPIO 

P4/nba 

(D5a) 

a=  779 

cs  436 

[85Vil] 

tP36 

P4l2t2 

as  793 

tos  1504 

[85V11 ] 

CeSi 

OP8 

as  830.2 

[ 8 5V11J; powder  pattern: 

Pnna 

FeB  (B27) 

bs  396.2 

cs  596.4 

ASTM  file  card  #  18-320 

oI12 

as  416.8 

[82Tas] 

CCe.Si,) 

Inna 

OdSi2 

bs  409.8 

cs  1381.5 

ces^ 

tX12 

as  418.4 

[ 85V11 ] ; powder  pattern: 

rtei*  (Cc) 

cs  1385.6 

ASTM  file  card  «  6-485 

Gen 

CPS 

fniii 

Reel  (Bl) 

as  502.45 

(85V11); powder  pattern: 
ASTM  file  card  «  15-882 

33 


Tab. 10.1  continued 


81 

CFO 

a*  542.00 

[85V11]; powder  pattern : 

FdSii 

A8TM  file  card  i  5-565 

C  (A4) 

a-«V*4 

hP28 

as  701.0 

[85V11]; powder  pattern: 

P31c 

c=  559.1 

A STM  file  card  4  9-250 

1 

i 

8^H4 

hP14 

a=  760.8 

[85V11]; powder  pattern: 

i 

i 

*«,/■ 

c=  291.1 

ASTM  file  card  ff  29-1132 

i 

H“4 

33-1160 

i 


i 

« 
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Si  20  CeSi2  CeSi2.„CeSi  I  lCe6Si3  90  Ce 

-  — -  at  */•  Ce 
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SYSTEM  8AMARIUM  -  SILICON  -  NITROGEN  (SW-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Hie  ternary  phase  Sn^  S^,N41  is  reported  [83Gau].The  saaple 
synthesized  froa  SaN  (prepared  by  reacting  saaariua  with  nitrogen) 
and  sijN^  (a-»/5  sia  1^ , froa  B. Merck, FRG)  by  heat  treataent  at  1200°c 
under  nitrogen. 

BINARY  SYSTEMS 

The  phase  diagraa  for  the  binary  Sn-Si  (fig. 11.1)  assessed  by 
(88Gok].The  interaediate  phases  are  described  in  tab. 11.1. No  phase 
diagraas  ares  reported  for  Sb-N  or  Si-N.  SaN  is  the  only  saaariua 
nitride  reported  [72Kie].S^N4  exists  in  two  aodifications:  «-Sia N 
and/3-sJjN^  (tab.  11.1)  .The  solubility  of  nitrogen  in  silicon  is  very 
low  [76Fro] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


The  ternary  phase  S^Si^l^  is  described  in  tab.  11.1. 
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Table  11.1:  Solid  phases  in  the  systea  Sa  -  Si  -  N 


Phase  / 
Teeperature 

Range  (°c) 

Pearson  Synbol/ 
Space  group  / 

Prototype 

Lattice 

Paraaeters 

(pa) 

coaaent8 

»-sn(r) 

hR3 

as  899.6 

[85V11]; powder  pattern: 

T<734 

R3m 

Sm  (C19) 

as  23.22* 

ASTM  file  card  #  6-419 

/?-Sa(h) 

hP4 

a=  361.99 

[ 86Mas ] ; powder  pattern 

T>734 

P6,  /nc 

La  (A3') 

c=  1168.0 

ASTM  file  card  «  37-1446 

sa.si. 

hP16 

P63/aca 

M^Si,  (D^) 

a=  856 

c=  645 

[85V11] 

OP36 

Pnaa 

a=  757 

b=  1488 

C=  778 

[85Vil ] 

SB  Si 

0P8 

Pnaa 

FeB  (B27 ) 

as  805.5 

b=  388.8 

c=  580.4 

[85V11] 

hP3 

a=  390.3 

[85V11 ] 

(S^Si^J 

P6/aaa 

A1B2  (C32 ) 

c=  420.7 

sasij 

tI12 

as  408 

[85V11] 

(S^SiJ 

I4i/aad 

ThS^  (Cc  ) 

Cs  1351 

sbn 

cF8 

Fa3a 

NaCl  (Bl) 

as  503.9 

[85V11]; powder  pattern: 

ASTM  file  card  #  30-1104 

Si 

CF8 

Fd3a 

C  (A4 ) 

as  542.86 

[ 85V11 ] ; powder  pattern : 
ASTM  file  card  #  5-565 
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Tab. 11.1 

continued 

«-*v. 

hP28 

a=  781.8 

[85Vil];powder  pattern: 

P31c 

c=  559.1 

ASTM  file  card  #  9-250 

hP14 

a=  760.8 

[ 8 5Vil]; powder  pattern: 

P6,/n 

c=  291.1 

ASTM  file  card  «  29-1132 

33-1160 

t** 

as  999.31 

[ 83Gau ] ; powder  pattern: 

c=  483.61  ASTM  file  card  #  38-1291 
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Fig. 11.1:  Phase  diagraa  for  the  boundary  ays tea  saaariua  -  sill 
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SYSTEM  HOLMIUM  -  SILICON  -  NITROGEN  (HO-Sl-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Ho-Si-N  at  1000°C  Mere  determined  by  x-ray 
analysis  (90ffei].The  alloys  were  prepared  using  powders  of  Si^ N^ 
(mixture  ofa-S^H^  and  ^-81^,58  at%  si),  silicon  (purity:  3N)  and 
holmiua  (purity  3N)  all  from  Alpha  Div.,Ventron  Corp.,USA.  Cold 
pressed  mixtures  of  these  powders  and/or  of  powders  of  master  alloys 
made  thereof  were  sealed  in  evacuated  quartz  tubes  lined  with  Mo 
foil  and  heat  treated  for  lOOOh  at  1000°C. 

BINARY  SYSTEMS 

A  phase  diagram  for  the  system  Ho-Si  (fig. 12.1)  is  presented  in 
[90tfei].The  intermediate  phases  are  described  in  tab.  12.1. No  phase 
diagrams  are  reported  for  Ho-N  or  Si-N. under  normal  pressure  HoN  is 
the  only  stable  holmiun  nitride  [72Kie]  .Si,N4  exists  in  two 
modifications:  o> -S^N4  and  tf-Sial^  (tab.  12.1)  .The  solubility  of 
nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  the  system  Ho-Si-N  (tab. 12.1) .The 
isothermal  section  at  1000°C  (fig. 12. 2  [90Wei])  shows  HoN  to 
coexist  with  all  binary  cerium  silicides  exept  Hosi^.si^  coexists 
with  HoNfHoSi^  and  HoSi2.Thus  silicon  nitride  in  contact  with 
holmiun  is  decomposed  at  elevated  temperatures. The  lattice  parameters 
of  Hq,8ia  in  equilibrium  with  HoN  increase  relative  to  the  value  of 
the  binary  phase  to  as  834.07pm  and  c=  645.35pm  indicating  extended 
solubility  for  nitrogen  in  this  phase  (fig. 12.3) .None  of  the  other 
binary  phases  shows  signs  of  solubiliy  for  the  respective  third 
component. 
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Table  12.1:  Solid  phases  in  the  system  Ho  -  Si  -  N 


Phase  / 

Temperature 

Range  (°C) 

Pearson  Syabol/ 

Space  group  / 

Prototype 

Lattice 

Parameters 

(pm) 

Comments 

Ho 

hP2 

a=  357.73 

[85V11]; powder  pattern: 

P6,  /mac 

c=  561.58 

ASTM  file  card  #  2-910 

Mg  (A3) 

H^Sl, 

hP16 

a-  834 

(85V11]; powder  pattern: 

P6,/aca 

C=  622 

ASTM  £ile  card  «  26-748 

Mq,Si,  (Df^ ) 

H^Si. 

OP36 

a=  733.8 

[85V11 ] 

Pnaa 

b=  1444.9 

c=  762.5 

Hosi(r) 

oC8 

a=  422.8 

(85V11 J; powder  pattern: 

Caca 

b=  1042.9 

ASTM  file  card  #  19-561 

CTB  (B33) 

C*  380.1 

Hosi(h) 

OP8 

a=  780.8 

[85V11]; powder  pattern: 

Pnaa 

b=  380.1 

ASTM  file  card  ff  19-562 

FeB  (B27) 

C=  563.3 
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Tab. 12 . 1  continued 


•to®1,-. 

hP3 

a =  381.6 

[85Vil]; powder  pattern: 

OW 

P6/ann 

AlB2  (C32) 

c=  410.7 

ASTH  file  card  «  19-560 

HoSi^ 

OZ12 

a=  399 

[ 85V11 ] ; powder  pattern: 

Xana 

GdS^ 

b=  394 

c=  1330 

ASTM  file  card  *  13-381 

HON 

CF8 

a=  487.7 

[ 8 5Vil]; powder  pattern: 

Fa3a 

NaCl  (Bl) 

ASTM  file  card  #  15-889 

SI 

CF8 

a=  542.86 

[85V11]; powder  pattern: 

Fd3m 

C  (A4) 

ASTM  file  card  #  5-565 

hP28 

a=  781.8 

[85V11); powder  pattern: 

P31c 

Si,N, 

c=  559.1 

ASTM  file  card  #  9-250 

*-si,K 

bP14 

a-  760.8 

[85Vil]; powder  pattern: 

P6./11 

SJ»“. 

C=  291.1 

ASTM  file  card  «  29-1132 

33-1160 
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Fig.  12. 2:  Isothermal  section  observed  for  the  systes  Ho  -  Si  -  N 
at  1000°C  (in  the  absence  of  external  nitrogen  pressure) 


Fla.  12. 3:  The  homogeneity  region  of  K£S1sI|_m  et  1000°c 


(••  0.48S8(1)r»») 

<•-  0.3583(2)im 
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c/m  0.372 
V*  0.777nnJ) 


(««  0.35801  Dm, 
<?•  0.56I8(2)mj 
(»•  0.8356(1  )m 
o-  0.6273(4)im 
c/«-  0.751 
V-  O.liimh 


SYSTEM  TITANIUM  -  SILICON  -  NITROGEN  (Ti-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  isothermal  section  of  Ti-Si-N  at  1000°C  were  calculated  froe 
thernodynanic  data  [  84Bey  ]  and  are  deternined  by  x-ray  analysis 
[85Sch].The  alloys  investigated  in  the  latter  work  were  prepared 
using  powders  of  8^N4  (sixture  of  a-si#l£  and  ft- Si#N  ,58  at*  Si), 
silicon  (purity:  3N),  titaniun  (purity:  2N,  inpurities  in  ppn:  Ca 
4000,  Al  3500,  Fe  1000,  C  150,  Si  30,  other  30)  and  titaniun  nitride 
(purity  2N)  all  fron  Alpha  Div. ,Ventron  Corp. ,USA.  Cold  pressed 
nixtures  of  these  powders  and/or  of  powders  of  naster  alloys  nade 
thereof  were  either  sealed  in  evacuated  quartz  tubes  lined  with  Mo 
foil  and  heat  treated  for  550h  at  1000°c  or  annealed  at  1300°c  ,48h 
in  a  r.f. furnace  under  argon  ( purity : 5N+ ) . 

BINARY  SYSTEMS 

The  phase  diagran  for  the  binary  systen  Ti-Si  given  in  [86Mas] 
shows  the  occurrence  of  four  internediate  phases. However,  the  phase 
Tij.  Si4  exists  in  two  nodiflcations  (tab. 13.1)  as  found  by  [69Nic]. 

The  phase  TJ^Si  is  possibly  inpurity  stabilized  [89Paj ][89Kiv] .The 
Ti-Si  systen  was  thernodynanically  node lied  by  [89Paj]  as  well  as  by 
[89Vah].The  phase  diagran  of  Tl-N  given  in  [86Mas]  needs  to  be  updated 
(fig.  13.1  (90Len))  to  account  for  the  newly  discovered  phases  n -T^N2  k 
[86-iLen]  and C  -T^Na  k  (86-2Len].No  phase  diagran  is  reported  for 
Si-N.  S^N4  exists  in  two  nodiflcations:  «s-SiaH  ^-Sia»i  (tab.  13. l). 
The  solubility  of  nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  Ti-si-M  ( tab. 13. l) .The  lsothernal 
section  at  1000*C  exper mentally  observed  (fig. 13. 2  [85Sch])  shows 
Til^  to  be  in  equilibriun  with  SigM4,TiSia  and  Ti^Sl^  which 
dissolves  considerable  anounts  of  nitrogen  as  is  indicated  by  the 
increese  of  the  lattice  paraneters  relative  to  the  values  of  the 
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binary  compound  (fig. 13. 3).  TilJ_x  cocxiiti  furthermore  with 
a-Ti ( containing  20  at%  nitrogen  in  solid  solution)  and  thus  cuts  off 
any  phase  fields  containing  « -T^N  (fig.  13. 4)  .Analogously, the  tie 
line  between  Tis^  and  Tl*  (containing  *4  at%  nitrogen  in  solid 
solution)  confines  the  occurrence  of  the  phase  Ti8i  and  T^8i4  to 
compositions  close  to  the  binary  Tl-Sl.Kxept  for  T^  s^ , lattice 
paraneters  of  neither  titaniun  silicide  coexisting  with  S^X4  or 
TiH_x  are  altered  with  respect  to  the  values  of  the  pure  binary 
alloys  indicating  virtual  insolubility  of  nitrogen  in  these  titaniun 
suicides  .These  results  are  in  perfect  agreement  with  experinental  data 
on  the  reaction  of  Sl^  with  titaniun  at  500«c  <  T  <  2200°C  [78Bor  ] , 
[830re], [85Kag], [[86Mor], [86Sug], [87Bar], [90Des];  the  reaction  of 
titaniun  silicides  with  nitrogen  (SSBreMSGKiel.lSGNowMGgFit], 

[89Jos  J ,  [90Des  ] ;  the  reaction  of  TiNt_x  with  silicon  [84Kab]  and  the 
compatibility  of  TilJ_x  in  contact  with  SltI£  (81Son] , [82Hay] , [82Hir] , 
[8SUch]  or  with  TiS^  (73Cha] , [83Nor] , [85Ada] , [86Tln] .Using  the 
thermodynamic  data  in  tab. 13. 2  the  phase  equilibria  at  1000°c  can  be 
calculated. At  variance  with  [84Bey] ,but  in  agreement  with  [76Kri]  the 
tie  lines  resulting  for  1000°C  confirm  the  experimentally  observed 
isothermal  section  (figs. 13. 2) .There  is  no  pressure  or  temperature 
range  where  Sij, H  coexists  in  equilibrium  with  titanium. 

MXSCBLLANBOIUS 

Silicon  nitride  is  not  wet  by  TiSi^  at  1500®c  [73Cha]  .Additions 
of  titanium  enhance  the  nitridatlon  reaction  rate  of  silicon  [81Muk]. 
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Table  13.1:  Solid  phases  In  the  system  Ti  -  Si  -  N 


Phase  / 

Temperature 

Range  (°c) 

Pearson  symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(pa) 

Consents 

<a-Ti(r) 

hP2 

a*  295.08 

[85V11]; powder  pattern: 

T<882 

P6a/mmc 

c=  468.55 

ASTM  file  card  «  5-682 

Mg  (A3) 

tf-Ti(h) 

cI2 

as  330.65 

[85V11]; 

T>882 

Zm3m 

M  (A2) 

Ti^Si 

tP32 

as  1019.6 

[ 85V11 ] ; possibly 

T<1170 

P42  /n 

cs  509.7 

iapurity  stabilized 

T^P 

T^Sia 

hP16 

as  742.9 

[85Vil]; powder  pattern: 

P6a /BCD 

C=  513.92 

ASTM  file  card  #  29-1362 

Mtj.Sia  (D8a  ) 

Tl^sijr) 

tP36 

as  670.2 

[ 85 Vil ]; powder  pattern: 

M^2 

C=  1217.4 

ASTM  file  card  #  27-907 

2^si* 

TisSi^(h) 

OP* 

as  664.5 

[ 6 9Nic]; powder  pattern: 

Pbnn 

bs  650.6 

ASTM  file  card  #  23-1079 

Cs  1269.0 

TISi 

0P8 

as  654.4 

[85Vil]; powder  pattern: 

Pnma 

bs  363.8 

ASTM  file  card  #  17-424 

FeB  (B27 ) 

Cs  499.7 

TiSlj 

OF  2  4 

as  826.71 

[85V11); powder  pattern: 

Fddd 

bs  480.00 

ASTM  file  card  «  2-1120 

TiSij  (C54 ) 

cs  855.05 

35-785 

i  -Tyi(r) 

tP6 

as  494.28 

[85V11]; powder  pattern: 

T<1080 

P4a/mnm 

cs  303.57 

ASTM  file  card  #  17-386 

TiOa 

31-33  at%  N  [87Len] 

hR6 

as  297.95 

[86-lLen] ; 

1066<T<1103 

r3b 

cs  2896.5 

gives  powder  pattern 

AgCrSc^ 

29  at%  N  [86-lLen] 
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Tab .13.1  continued 


hR8 

a=  298.09 

[86-2Len]; 

1078<T<1291 

R3n 

c=  2166.42 

gives  powder  pattern 

Ti»S 

.12 

31.5  at%  N  [86-2Len] 

6-fTiNi  x  (r) 

tI16 

a=  414.0 

l 8 5V11J; powder  pattern: 

T<800 

I41/and 

c=  880.5 

ASTM  file  card  «  23-1455 

(netastable) 

38  at%  N  [87Len] 

TiH 

*  i  -  X 

CF8 

a=  423.9 

[85V11]; powder  pattern: 

Fn3a 

ASTM  file  card  #  38-1420 

NaCl  (Bl) 

Si 

cF8 

a=  542.86 

[85VilJ; powder  pattern: 

Fd3n 

ASTM  file  card  #  5-565 

C  (A4) 

a  -SJ.N 

hP28 

a=  781.8 

t 8 5Vil ]; powder  pattern: 

P31c 

c=  559.1 

ASTM  file  card  #  9-250 

(A 

J* 

** 

hP14 

a=  760.8 

[ 85Vil ] ; powder  pattern : 

PS3/m 

c=  291.1 

ASTM  file  card  #  29-1132 

S1.H 

33-1160 

Tab.l3.2:Thernodynanic  data  for  the  solid  phases  in  Ti  -  Si  -  N 


phase  AGf°  (J/graaaton)  consent 


.1429  81,114,  -124602  +  57.95  T  [76FroJ 
.3333  TiSt.  -56967  +  2.23725  T  [89Vah] 
.5000  TiSi  -68000  -  0.04119  T  [89Vah] 
.5000  TljjSi^  -71000  -  0.79164  T  [89Vah] 
.1250  T^Si,  -72409.5  -  0.31694  T  [89Vah] 
.2500  T^Sl  -66565.2  +  11.5143  T  [89Vah] 


.5000  TIM  -167883  ♦  46.4424  T  ( 25°C<T<882°C)  [76Fro] 

-169138.2  ♦  47.4884  T  (882®C<T<1200»C)  [76Fro] 
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Fig. 13. 2:  Isothermal  section  observed  in  the  system  Ti  -  Si  -  H 

at  1000°c  (in  the  absence  of  external  nitrogen  pressure) 


Si  20  T'Si2  40  TiSi  TisSi4  TisS^  (Ti3Si)  ft -T i(s.s.)  Jj 

- -  Qt  °/.  Ti 
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Pig. 13. 3:  Lattice  paraaeters , c/a  ratios  and  unit  cell  voluaes  of  the 
D8q -type  Ti^  SlaHJ_x  phase  field  hoaogeneity  liaits  at  1000°c 


«-T1(S.S.) 

T15S*3N1-x 
.74376  nm 
.51580  nm 

.693. 

*  3 

.4942  nnr 


D88- 

T'5Si3 

°v 

TijSi 

a* 

.74220  nm 

a= 

.74506  nm 

c= 

.51293  nm 

c* 

.51407  nm 

c v 

v« 

.691 

.4894  ran3 

cv 

v= 

.690 

.4943  nm3 
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1000°C  in  Ti-8i-H 


Fig. 13.4:  Detail  of  the  phase  field  partition  at 
close  to  the  binary  Ti-H  ( schematic ) 


oC“Ti  (s.s.) 


SY8TEM  ZIRCONIUM  -  SILICON  -  NITROGEN  (Zr-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  zr-Si-N  at  1000°C  and  1300°C  were  determined 
by  x-ray  analysis  [85-lSch] .The  alloys  were  prepared  using  powders  of 
S^N4  (mixture  of  *-Si#l^  and  fl-Si^  1^,58  at%  si),  silicon  (purity: 

3N) , zirconiua  (purity:  a3N)  all  froa  Alpha  Div.,ventron  Corp., 

USA  and  zirconiua  nitride  (purity  2N;  froa  Materials  Research  Corp. , 
USA.  Cold  pressed  mixtures  of  these  powders  and/or  of  powders  of 
master  alloys  made  thereof  were  either  sealed  in  evacuated  quartz 
tubes  lined  with  Mo  foil  and  heat  treated  for  400h  at  1000°C  or 
annealed  at  1300°C,48h  in  a  r.f. furnace  under  argon  (purity : 5N+ ) . 

BINARY  SYSTEMS 

The  phase  diagram  for  the  binary  system  Zr-Si  given  in  [86Mas]  is 
a  reproduction  of  [76Kub]  which  is  based  on  [53Lun].In  the  more  recent 
experimental  investigation  by  [76Koc] , which  is  reproduced  in  [76Mof], 
the  phase  Zi^Si,  is  found  to  decompose  below  1745°C  into  Zr3  Si?  and 
Z15, Si. Furthermore, the  composition  of  the  intermediate  phase  most  rich 
in  zirconium  is  corrected  from  Zr4Si  to  ZrsSi. Using  high  purity 
materials  (Zr  bar, purity:  3N,  impurities  in  ppm:  0  450,  H  260,  c<200, 
Hf<200,  Cr  60,  A1  52,  81  45,  otber<30,  from  Cezus  PuK  Uglne, France; 

Si  ingot, purity:  6N,  from  Alpha  Div.,Ventron  Corp., USA)  the  decompo¬ 
sition  of  Zr5  Si,,  formed  upon  melting  was  corroborated  (85-2sch)  but 
the  occurrence  of  a  zirconium  slllclde  more  rich  in  zr  than  Zr2Si 
could  not  be  confirmed. Thus  it  is  likely,  that  the  phase  Zi^si  is 
Impurity  stabilized  like  the  analogous  phase  in  the  Ti-Si  system 
(89Paj 1 , [89Kiv] .it  was  noted  furthermore  [85-28ch] ,that  zrsi(h) 
having  CrB  type  structure  transforms  only  in  Si  rich  ZrSi  alloys 
into  ZrSi(r)  having  FeB  type  structure,  but  not  in  Zr  rich  ZrSi  alloys 
where  it  exists  at  1000°C  even  after  annealing  for  550h.The  phase 
diagram  of  Zr-N  is  given  in  (86Mas].No  phase  diagram  is  reported  for 
Si-N.  Si^  exists  in  two  modifications so-Si^  and  fl-Si,^  (tab.  14.1). 
The  solubility  of  nitrogen  in  silicon  is  very  low  (76Fro). 
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SOLID  PHASES  /  ISOTHERMAL  SECTIONS 


No  ternary  phase  exists  in  Zr-Si-N  (tab. 14.1) ,but  Zrss^(h)  is 
stabilized  by  nitrogen  to  lower  temperatures. Two  experimentally 
determined  isothermal  sections  are  reported  [858ch]:  At  1000°c 
as  well  as  1300«c  (figs. 14.1  and  14.2  reap. ) .Zx^  Al, i^_x  coexists 
at  both  temperatures  with  Zrn_x#Zra Si.Zx^si^  ,zi^si4  and  Zrsi  (cm). 
Relative  to  the  binary  compound  (tab.  14.1)  the  lattice  parameters 
are  increased  to  a*  789.22  pm,  c*  564.77  pm  (coex.  with  ZrNt_x  ) . 

At  1000°c  S^N4  coexist  with  ZrN^^ZrSi^  and  ZrSi  (FeB);  at  1300*c 
no  tie  line  exists  between  Si^N^  and  ZrSi. These  data  confirm  earlier 
reports  on  the  interaction  of  81^+  zr  [56-lBre][76Krij ,Si  +  zrNix 
[66Tas],Zr ;tf2SSi  979+  ZrNt_x(fig.l4.3  [56Now])  as  well  as  on  the 
coexistence  of  +  ZrNlx  [85UchJ .With  the  exception  of  the  above 

mentioned  phase  Zi^Sial|  x,  in  ternary  alloys  lattice  parameters  of 
neither  binary  zirconium  silicide,  Si^  or  ZrNix  are  altered  with 
respect  to  the  values  of  the  pure  binary  alloys  indicating  virtual 
insolubility  of  the  reap. third  component. 

The  thermodynamic  data  for  zirconium  silicides  in  tab. 14. 2  are 
taken  from  [56-2Bre]  (cited  in  part  by  (82Mur])  who  critically 
reviewed  and  supplemented  the  measurements  by  [55Rob]  rather  than 
just  citing  their  data  (as  done  in  more  recent  compilations  ,e.g. 
[60Pop], [70Rar] , [76Alc]) .However .since  the  temperature  dependency  of 
the  data  for  zirconium  silicides  are  not  known, only  rough  estimates 
are  possible  for  the  tie  lines  occurring  in  the  ternary  Zr-Si-N. The 
results  of  these  estimates  are  generally  consistent  with  the 
experimentally  observed  Isothermal  sections  ( figs .14.1  and  14.2). 
There  is  no  pressure  or  temperature  range  where  Si3  ^  coexists  in 
equilibrium  with  zirconium. 
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Table  14.1:  Solid  phases  in  the  systes  Sr  -  Si  -  N 


Phase  / 

Temperature 

Range  (°C) 

Pearson  Symbol/ 
Space  group  / 

Prototype 

Lattice 

Paraneters 

(pm) 

Comments 

«-Zr(r) 

hP2 

a»  323.2 

[85Vil]; powder  pattern: 

T<863 

P6,  /uc 

Mg  (A3) 

cs  514.7 

A STM  file  card  #  5-665 

fl-Zr 

T>863 

cI2 

ZiSa 

W  (A2) 

as  356.8 

[85V11); powder  pattern: 

ASTM  file  card  #  34-657 

Zi^Si 

tP32 

P42  /n 

Tlj  P 

a=  1101 

c=  545 

[85V11];  possibly 
impurity  stabilized 

Zi^Si 

tI12 

14/aca 

AI^CU  (C16) 

a=  660.9 

c=  529.8 

[85V11]; powder  pattern: 

ASTM  file  card  «  25-757 

^Si^h) 

hP16 

as  788.6 

[85V11]; powder  pattern: 

T>1745 

P6a  /■« 

Mll.Si,  (D8a  ) 

cs  555.8 

ASTM  file  card  «  6-582 

Zl^Si, 

tPIO 

P4/nbn 

V**  (M) 

as  708.2 

cs  371.5 

[85Vil]; powder  pattern: 

ASTM  file  card  #  14-368 

tP36 

P4t^2 

*^8i* 

as  712.25 

cs  1300.0 

[85V11]; powder  pattern: 
given  in  [66Pfe] 

ZrSi(r) 

OPS 

as  699.5 

(85V11); powder  pattern: 

T<1460 

Pnna 

FeB  (B27) 

bs  378.6 

cs  529.6 

ASTM  file  card  *  9-226 

ZrSl(h) 

0C8 

as  375.4 

[61Sch]; 

T>1460 

CSC* 

CTB  (B33) 

bs  989.2 

cs  374.6 

gives  powder  pattern 

Zrsij 

OC12 

CSC! 

trSi*  (C49) 

as  372.1 

bs  1468 

c«  368.3 

[85V11 I; powder  pattern: 
ASTM  file  card  «  32-1499 
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Tab. 14.1  continued 


cF8 

Fn3n 

Had  (Bl) 

a* 

si 

CF8 

FdSia 

C  (A4) 

as 

hP28 

a= 

P31c 

8*A 

c= 

hP14 

a= 

P6a/n 

c= 

458.5  [85Vil]; powder  pattern: 

ASTM  file  card  #  2-956, 
31-1493,35-753 
542.86  [85Vil]; powder  pattern: 

ASTM  file  card  #  5-565 

781.8  [85Vil]; powder  pattern: 

559.1  ASTM  file  card  «  9-250 

760.8  [85Vil]; powder  pattern: 

291.1  ASTM  file  card  #  29-1132 

33-1160 


Tab. 14 . 2 : Thermodynamic  data  for  the  solid  phases  in  Zr  -  Si  -  N 


phase  £g®  (J/ or ana ton)  Connent 


.1429  S^H4 

-124602  ♦  57.95  T 

l76Prol 

.3333  ZrSi, 

AhJP*«  -53000 

[56-2Bre] 

.5000  ZrSi 

“H* P*  *  -77400 

[56-2Bre] 

.1111  Zl^Si4 

AhJ°"«  -78000 

[56-2Bre] 

<**««*> 

.2000  ZX^Sl, 

AHJP"s  -77000 

[56-2Bre] 

.1250  ZX^Sl, 

-72175 

[56-2Bre] 

.3333  ZX^Si 

AhJP"»  -69730 

[56-2Bre] 

.5000  ZrM 

-183230  ♦  48.325  T 

[76ProJ 
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Fig. 14.2:  xsotheraal 

at  1300°c  (under  argon) 


N 


Si  20  ZrSi2  40  ZrSi/Zr3Si2\Zr2Si 

Zr5Si4  ^-Zr5Si3N, 

- -  at  */•  Zr 
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rig.  14. 3  Hie  phase  field  of  at  1400°c 


SYSTEM  HAFNIUM  -  SILICON  -  NITROGEN  (Hf-8i-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Hf-Sl-N  between  1000°c  and  1300°C  were 
determined  by  x-ray  analysis  [ 87Sch ] , [ 88Sch ] . The  alloys  investigated 
in  were  prepared  using  powders  of  Si^N^  (alxture  of  «-Sia  1^  and 
ft -S^N4 , 58  at*  Si),  silicon  (purity:  3N)  and  hafnium  (purity:  3N) 
all  from  Alpha  Dlv.,Ventron  corp.,USA  as  well  as  hafnium  nitride 
(purity:  2N;  from  Materials  Reseach  Corp. ,USA) .  Cold  pressed 
mixtures  of  these  powders  and/or  of  powders  of  master  alloys  made 
thereof  were  either  sealed  in  evacuated  quartz  tubes  lined  with  Mo 
foil  and  heat  treated  for  400h  at  1000°C  or  annealed  at  l500°C,48h  in 
a  r.f. furnace  under  argon  ( purity : 5N+ ) . 

BINARY  SYSTEMS 

For  the  system  Hf-Si  the  phase  diagram  of  [69Rud]  (reproduced  by 
[76Mof ]  as  well  as  [89Gok])  is  preferred  over  the  diagram  compiled 
by  [81Kub]  (reproduced  in  [86Mas] ) .According  to  [69Rud]  neither 
HfjSt,  (Mq.Sia-type)  nor  HfaSi  (TiaP  type)  are  binary  eqilibrium 
phases  (tab. 15.1) .The  phase  diagram  of  Hf-N  (fig. 15.1  [90Oka])  is 
based  on  [69Rud]  but  modified  to  account  for  the  results  of  [70Rud] 
and  [73B11]  .No  phase  diagram  is  reported  for  Si-N.  s^N^  exists  in 
two  modifications:  <*-S^N4  and  tf-Si^  (tab. 15.1).  The  solubility  of 
nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  Hf  -Sl-N  (tab. 15.1) .Isothermal  sections 
are  reported  for  1000®c  and  for  1300®c  (fig. 15. 2  [87Sch][88Sch]) .At 
both  temperatures  Hft^_u  is  the  dominating  phase  coexisting  with 
81,,N4  as  well  as  all  binary  silicides. These  data  confirm  earlier 
reports  on  the  reaction  of  Sif  ^  with  hafnium  [81Muk]  and  on  the 
coexistence  of  81^  with  HfN  during  hot  pressing  at  1850®C  [85Uch]. 
In  ternary  alloys  lattice  parameters  of  neither  binary  hafnium 
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sllicide ,  31^  or  HfN1_x  arc  altered  with  respect  to  the  values  of 
the  pure  binary  alloys  indicating  virtual  insolubility  of  the  resp. 
third  coaponent. 

Only  United  theraodynaaic  data  are  available  for  binary  hafniua 
sllicides  (tab. IS. 2).  These  allow  only  rough  estiaates  of  the  tie  lines 
which  .however,  coapare  favorably  with  the  experlaentally  observed 
equilibria. There  is  no  pressure  or  tenperature  range  where  Si^ 
coexists  in  equilibrium  with  hafniua. 


67 


REFERENCES 

[69Rud]  B.Rudy, "Compendium  of  Phase  Diagram  Data", Report  AFHL-TR-65-2 
Part  V  (Wright  Patterson  AFB,OH. ,USA,1969) 

[70Rud]  B.Rudy, "The  Crystal  Structures  of  Hf.lt  and  Hf  N  ", Met. Trans. 

1  (1970)  1249-1252 

[73B11]  M. Billy  and  B.Teyssedre, "Contribution  to  the  Investigation 
of  the  Systen  Haf niua-Nitrogen" ,  Bull .  Soc .  Chin .  Pr . , 

5  (1973)  1537-1540 

[76Mof]  W. Moffett, "The  Handbook  of  Binary  Phase  Diagraas", (General 
Electric  Conp. , Schenectady, NT, 1976  and  updates) 

[76Fro]  E.Frona  and  E.Gebhardt, "Gase  und  Koh lens toff  in  Metallen" 

( Springer , Berlin, 1976) 

[81Kub]  O.Kubaschewskl-von  Goldbeck, "Phase  Diagraas”  in  "Hafniua: 

Physico  Chealcal  Properties  of  its  Coapounds  and  Alloys", At. 
Bner. Rev. , Spec. Issue  #8  (IABA, Vienna, Austria, 1981)  p  97-99 

[81Muk]  J.Mukerji  and  S.K. Biswas, "Effect  of  Iron, Titanium  and  Hafniun 
on  Second  Stage  Nitriding  of  Silicon", J.Aaer. Ceram. Soc. 

64  (1981)  549-552 

[82Mur]  S.P.Murarka, "Heats  of  Formation  of  Transition  Metal  Silicides", 
Mater. Lett .1  (1982)  26-28 

[85Uch]  N.Uchida.M. Koizumi  and  M.Shimada, "Fabrication  of  Si  N  Ceramics 
with  Metal  Nitride  Additives  by  Isostatic  Hot  Pressing" ,J.Amer. 
Ceram. Soc. 64  (1981)  549-552 

[85Vil]  p.villars  and  L.D. Cal vert, "Pearsons  Handbook  of  Crystallographic 
Data  for  Intermetallic  Phases "(Amer. Soc. Met ., Metals  Park, OH., 
1985) 

[86Mas]  T.B.Massalski  ( ed .), "Binary  Alloy  Phase  Diagrams"  (Amer. Soc. 
Met., Metals  Park, OH. , 1986) 

[87Sch]  J.jp. Schuster  in  "Boron  Nitride  and  Silicon  Nitride  Systems", 

3  Annual  Report  to  the  European  Research  office  of  the  USA 
under  Contract  DAJA84-C-0038  (1987) 

(88Sch)  J.c. Schuster, F.Weitzer,J. Bauer  and  H.Nowotny, "Joining  of 

Silicon  Nitride  Ceramics  to  Metals:  The  Phase  Diagram  Base", 
Mater . Sci . Engin . A1 05/106  (1988)  201-206 

(89Gok)  A.B.Gokhale  and  G.A.Abbaschlan,"The  Hf-Si  (Hafnium-Silicon) 
System", Bull. Alloy  Phase  Diagr.10  (1989)  390-393 

[900ka]  H.okamoto, "The  Hf-N  (Hafnium-Nitrogen)  System", Bull. Alloy 
Phase  Dlagr.il  (1990)  146-149 


68 


Table  15.1:  solid  phases  in  the  systea  Hf  -  si  -  N 


Phase  / 
Temperature 

Range  (°C) 

Pearson  Syabol/ 
space  group  / 

Prototype 

Lattice 

Parameters 

(PR) 

Connents 

*-Hf(r) 

hP2 

a=  319.8 

[85V11J; powder  pattern: 

T<1743 

P6a/nnc 

Hg  (A3) 

C=  506.1 

ASTM  file  card  #  38*1478 

tf-Hf(h) 

T>1743 

cI2 

Xn3a 

w  (A2) 

a=  361.5 

(85Vil ] ; 

H^Si 

tI12 

a=  655.3 

[85V11]; powder  pattern: 

14 /men 

A^Cu  (C16 ) 

c=  518.6 

asth  file  card  #  12*467 

25*371 

H4Si2 

tPIO 

a=  698.8 

[ 8 5Vil); powder  pattern: 

P4/nbn  (D5..) 

Hsi2 

b=  367.5 

ASTM  file  card  #  14-427 

H^Si4 

tP36 

P4i2l2 

z^si4 

a=  703.9 

C=  1283 

[85V11 ] ; 

HfSi 

oP8 

a=  688.9 

( 85Vil ] ; powder  pattern : 

Pnma 

FeB  (B27 ) 

b=  377.2 

c=  522.3 

ASTM  file  card  #  13-369 

HfSJ^ 

OC12 

a=  367.2 

[85VilJ; powder  pattern: 

Cncn 

b=  1457 

ASTM  file  card  #  10-202 

Zrslj  (C49) 

c=  364.1 

38-1373 

h^n2  (h) 

hR6 

a=  320.6 

[85Vil]; powder  pattern: 

750<T<2000 

R3n 

AgcrSe, 

c=  2326 

ASTM  file  card  #  23-1097 

Hf^h) 

hR8 

as  321.4 

[85Vil]; powder  pattern: 

750+  <T<2250 

R3n 

c=  3112 

ASTM  file  card  #  24-465 

HfN 

1  -  X 

CF8 

Fih 

Had  (Bl) 

a=  451.18 

[85V11]; powder  pattern: 
ASTM  file  card  #  33-592 

Tab. 15.1 

continued 

81 

cF8 

a=  542.86 

[85Vil]; powder  pattern: 

Fd3ia 

ASTM  file  card  «  5-565 

C  (A4) 

hP28 

a=  781.8 

[85Vil]; powder  pattern: 

P31c 

c=  559.1 

astm  file  card  «  9-250 

Si,N4 

hP14 

a-  760.8 

[85V11] /powder  pattern: 

P6a/n 

c=  291.1 

ASTM  file  card  «  29-1132 

33-1160 

Tab. 15. 2: Thermodynamic  data  for  the  solid  phases  in  Hf  -  si  -  N 


phase 

“G®  (J/gramatom) 

Coament 

.1429  S^n4 

-124602  +  57.95  T 

[76Fro] 

.3333  HfSl; 

-50208 

[82Mur ] 

.5000  HfSi 

-71130 

[82Mur ] 

.1250  H^Si* 

AhJP"»  -69820 

[82Mur] 

(H^Si4  + 
.2500  H^Si 

H^St,  ) 

-62760 

[82Mur] 

.5000  HfN 

-1845105  ♦  42.48  T 

[76FroJ 

70 


Fig.15.2:  Isothenal  Motion  observed  in  the  aysten  H£  -  Si  -  n 

at  1300°c  under  arson  (at  l000oC  identical  tie  lines  exist) 


72 


SYSTEM  VANADIUM  -  SILICON  -  NITROGEN  (V-Si-N) 

INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  V-Si-N  at  1000°C  and  1500°C  were  determined 
by  x-ray  analysis  [85Sch] , [86 And] .The  alloys  investigated 
in  the  former  work  mere  prepared  using  powders  of  Sia  (mixture  of 
ci-s^N4  and  ^-Sia  1^,58  at%  Si),  silicon  (purity:  3N)  and  vanadium 
(purity:  2N5;  impurities  in  ppm:  C  900,  Si  800,  Cr  600,  Fe  500,  Al  200, 
others  <  100)  all  from  Alpha  Div.,Ventrcn  Corp.,USA  and  vanadiun 
nitride  (purity  2N,  from  Materials  Research  Corp. , USA) .cold  pressed 
mixtures  of  these  powders  and/or  of  powders  of  master  alloys  made 
thereof  were  either  sealed  in  evacuated  quartz  tubes  lined  with  Mo 
foil  and  heat  treated  for  600h  at  1000°C  or  annealed  for  30h  at  1500°C 
in  a  r.f. furnace  under  argon  (purity : 5N+) . 

BINARY  SYSTEMS 

Phase  diagrams  for  the  systems  V-Si  and  V-N  are  given  in  [86Mas]. 
Although  not  shown  in  the  V-N  diagram  [86Mas],with  varying  nitrogen 
content  differently  ordered  structures  occur  within  the  "homogeneity 
range"  of  the  subnitride  ft  (tab.  16.1)  .No  phase  diagram  is 

reported  for  Si-N.  Si^N^  exists  in  two  modifications:  ~-Sia N  and 
^-Si^N4  (tab.  16.1).  The  solubility  of  nitrogen  in  silicon  is  very 
low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

The  only  ternary  phase  existing  in  The  system  V-Si-N  is  v.si3H_ 

(tab. 16.1)  which  dominates  the  phase  equllbria  at  1000°c  (fig. 16.1 
[858ch] )  and  1500<>C  (fig.  16. 2  (85Sch) )  .Vs  S^Nt.K  coexists  at  1000°C 
with  S1jN4  , vr  Ni  x  and  all  binary  vandium  sillcides  stable  at  this 
temperature  but  not  with  Vl|_x, silicon  or  vanadium.  [86And)  confirms 
these  tie  lines  except  they  report  ^Si,!^  to  coexist  with  VNt_x  . 
However, therxochemical  calculations  using  the  data  in  tab.  16. 2  cor¬ 
roborate  the  experimental  findings  reported  in  fig.  16.1. Neither  SiaN 
nor  Vl|^  are  stable  at  1S00*C  under  argon. Thus  the  tie  lines  directed 
from  VS^  ,VB  Si^N^  as  well  as  van_x  towards  si,»£  at  1000*C  are 


changed  toward  t^(gas)  at  1500°C  (fig. 16. 2  [858ch])  .These  data 
confirm  earlier  reports  on  the  interaction  of  SiBl^+  V  [69Fel],Sisi^ 

+  [  85Uch  J ,  VSi2  +  l|  [69Fit ]  and  V  ^81  >79+  1^  [56Now] .Lattice 

parameters  of  neither  vanadinn  silicide  coexisting  with  Vg  8^N1_x  , 
•V".  or  l^(gas)  are  altered  with  respect  to  the  values  of  the  pure 
binary  alloys  indicating  virtual  insolubility  of  nitrogen  in  vanadiun 
slllcides. 
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Table  16.1:  Solid  phases  in  the  system  V  -  Si  -  N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Teeperature 

Space  group  / 

Parameters 

Range  (°C) 

Prototype 

(P«) 

V 

cI2 

a>  302.71 

[85V11]; powder  pattern: 

Im3m 

M  (A2) 

A STM  file  card  #  22-1058 

t£Si 

cPS 

as  472.49 

[85V11]; powder  pattern: 

PmSn 

Ci;Sl  (A15) 

A STM  file  card  «  19-405 

W 

t!32 

a=  942.9 

[85Vil]; powder  pattern: 

14/ncn 

S^H,  (D8m) 

c=  475.6 

ASTn  file  card  «  9-301 

vtfsi3(h) 

0X44 

a=  1596.6 

[85V11]; powder  pattern: 

T>  1160- 100 

Xban 

b=  750.1 

ASTM  file  card  #  23-722 

ce9r±0 

c=  485.8 

27-611 

VS^ 

hP9 

a=  457.1 

[85V11]; powder  pattern: 

P6Z22 

c=  637.2 

ASTM  file  card  «  13-260 

CrS^  (C40) 

38-1419 

Nt_x  phases: 

VP»4 

hP* 

a=  491.0 

[820no]; 

P6,22 

c»  455 

powder  pattern  given 

VPM4 

v2h 

hP9 

a=  491.7 

[85Vil]; powder  pattern: 

P31m 

cp  456.8 

ASTM  file  card  *  6-624 

30-1420 , 32-1413 , 33-1439 

Yu*,* 

tPSS 

a=  2«vn 

[780no]; 

T<500 

P^/nmc 

c=  2*vn 

powder  pattern  given 

VM. 

A  -  X 

ere 

a=  413.6 

[85Vil]; powder  pattern: 

rm5m 

ASTM  file  card  #  25-1252 

Nad  (Bl) 

35-768 

81 

cF8 

a*  542.86 

[85V11]; powder  pattern: 

rdJm 

c  <A4) 

ASTM  file  card  «  5-565 
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Tab. 16.1 

continued 

hP28 

a*  781.8 

[85Vil];  powder  pattern: 

P31c 

c=  559.1 

ASTM  file  card  «  9-250 

**>"+ 

hP14 

as  760.8 

[85V11]; powder  pattern: 

P6,/a 

cs  291.1 

ASTM  file  card  #  29-1132 

33-1160 

hP18 

as  715.54 

[ 8 5Sch]; powder  pattern: 

P6,/aca 

cs  485.21 

ASTM  file  card  «  8-379 

filled  Mn^  Slj 

Tab. 16.2: Theraodynaaic  data  for  the  solid  phases  in  V  -  Si  -  N 


phase 


AG*1  ( J/gramatoa ) 


Couent 


.1429  SJ^ 
.3333  VSi^ 

.0909  l^Sig 
.1250  1£8i, 
.2500  1£Si 
V(s.s.l0at\  M) 

V(s. s. 5at%  N) 

.3431  V2H  „ 
.5000 


-124602  ♦  57.95  T 
-40700  +  3.15  T 
-49600  +  3.1  T 
-53800  ♦  4.1  T 
-43100  «■  3.33  T 
-11175  (at  1773K) 

-8000  (at  1273K) 

-89591  ♦  30.55  T 
-77404  ♦  46.024  T 


[76rro] 

[81Sai] 

[81Sai] 

(81SaiJ 
[81Sai  ] 

estiaated  froa  plot 
a^77*vs.  x* 
estiaated  froa  plot 
VS.  X* 

[76Frol 

[82POB] 
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Fig. 16. 2:  Isothermal  section  observed  in  the  system  V  -Si  -  N 
at  1500°c  (under  argon) 


N 


SYSTEM  NIOBIUM  -  SILICON  -  NITROGEN  (Nb-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Nb-Si-N  between  1000°c  and  1500°c  were  deter** 
mined  by  x-ray  analysis  [85-lSch].The  alloys  investigated  were  prepared 
using  powders  of  S^H4  (mixture  of  and  /5-SI,  1^,58  at%  Si), 

silicon  (purity:  3N),  niobium  (purity:  2N8;  impurities  in  ppm:  Ta  800, 
T1  100,  Fe  80,  O  80,  c  50,  H  50,  other  <  10  )  and  niobium  nitride 
(6NbN, purity:  3M)  all  from  Alpha  Div.,Ventron  Corp.,USA.  Cold  pressed 
mixtures  of  these  powders  and/or  of  powders  of  master  alloys  made 
thereof  were  either  sealed  in  evacuated  quartz  tubes  lined  with  Mo 
foil  and  heat  treated  for  600h  at  1000°C  or  annealed  for  30h  at  1500°C 
in  a  r.f. furnace  under  argon  ( purity: 5N+ ) . 

BINARY  SYSTEMS 

The  phase  diagram  of  [80Koc]  for  the  system  Nb-si  (fig. 17.1)  is 
be  preferred  to  the  diagram  given  in  (86Mas) , because  it  shows  in 
detail  the  stability  ranges  of  the  two  modifications  of  N!^S13 
(tab. 17.1) .The  phase  diagram  for  the  system  Nb-N  (fig. 17. 2  [85-2Sch)J 
is  based  on  [83Bra]  as  well  as  on  the  compilation  by  [79Pol]. Phases 
stable  only  at  nitrogen  partial  pressures  higher  than  l<f pa  [7lTer] 
are  not  included  in  this  figure. No  phase  diagram  is  reported  for 
8i-N.  S1jN4  exists  in  two  modifications:  a-sial£  and  tf-Si^  (tab. 17.1). 

The  solubility  of  nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

The  only  ternary  phase  existing  in  the  system  Nb-Si-N  is  Nbs 
(tab.  17.1)  .Nt^Si^q dominates  the  phase  equilibria  in  the  isothermal 
section  at  1500»c  (fig. 17.3  [85-lSch])  but  does  not  occur  at  1000«*c 
(fig. 17.4  [85-lSch] ) .At  this  temperature  SijN4  coexist  with  *-NbN, 
i  -NI^N,  /J-Nt$,N,Nb3  Sij  and  NbSlz  but  not  with  niobium.  These  data 
confirm  reports  on  the  interaction  of  S1^N4+  Nb  or  niobium  compounds 
(S6Bre](76Krl][85Uch](868ug]  as  well  as  on  the  reactions  of  niobium 
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silicides  with  1^ (gas)  [ 56Mow ][ 69Fit  1  •  Lattice  parameters  of  neither 
niobiua  silicide  coexisting  with  lO^S^H^^-NbjNjSi^  or  l|(gas) 
are  altered  with  respect  to  the  values  of  the  pure  binary  alloys 
indicating  virtual  Insolubility  of  nitrogen  in  niobiua  silicldes. 

Only  United  there odynaeic  data  are  available  for  binary  niobiua 
silicides  (tab. 17. 2).  These  are  not  sufficient  to  allow  calculation 
of  tie  lines  to  be  coapared  with  the  experimentally  observed  equili¬ 
bria.  However, it  is  evident, that  there  is  no  pressure  or  teaperature 
range  where  Si^H^  coexists  in  equilibrlua  with  niobiua. 


80 


REFERENCES 

[56Bre]  L. Brewer  and  O . Kr ikorian , "Reactions  of  Refractory  Silicides 
with  Carbon  and  Nitrogen1* ,  J .  Klectrochea .  Soc  .103  (1956)  38-50 

[56Now]  H.Nowotny.B.Lux  and  H . Kudielka , "The  Behavior  of  Metal  Rich, 

High  Melting  Silicides  versus  Boron  .Carbon  .Nitrogen  and 
Oxygen” .Monath . Che* .87  ( 1956 )  447-470 

(69Fit)  B. Fitter  and  K.Reinmuth, Reaction,,  of  High  Melting  Silicides 
with  Nitrogen  and  Carbon” , Proc  i'  Xnt.Plansee  Se*. (Reutte, 
Austria. 1969)  P767-802 

(71Ter)  N.Terao,"New  Phases  of  Niobium  Nitride”, J. Less  co**on  Met. 

23  (1971)  159-169 

(73Cha]  T. Chart. "Ther*oche*ical  Data  for  Transition  Metal-Silicon 
Systeas”.High  Teap.High  Press .5  (1973)  241-252 

[76Kri]  Y.I. Krilov  and  V. A. Bronnikov, "Thermit  Mixtures  on  the  Basis 
of  Exothermal  Reactions  of  BN  and  Si_N  with  Metals",Poroshk. 

Met . ( 1 )  (1976)  52-55 

(76Fro)  E. Fromm  and  B.Gebhardt,”Gase  und  Kohlenstoff  in  Metallen" 

( Springer , Berlin ,1976) 

(79Pol )  C. Pol itis, "Phase  Relationships  in  the  Nb-N  and  Ta-N  Systems", 
Report  KfK  2881  ( Kemf orschungszentrum  Karlsruhe, FRG,  1979) 

P126-128 

( 80Koc ]  Y.A.Kochershinskii ,L.M.Yupko  and  E.A. Shishkin, "The  Nb-Si  Phase 
Diagram", xzv. Akad.Nauk  SSSR, Met. (1) (1980)  205-211 

[83Bra]  G.Brauer  and  w. Kern, "Decomposition  Pressures  and  Phase  Limits 
of  Niobium  Nitrides" , Z . Anorg . Allg . Chen .507  (1983)  127-141 

[85-lSch]  J.c. Schuster  and  H.Nowotny, "Silicon  Nitride  and  Transition 
Metals:  A  Critical  Evaluation  of  Existing  Phase  Diagram  Data 
Supplemented  by  New  Experimental  Results", Proc. 11  Xnt.Plansee 
Seminar  (Reutte. Austria, 1985)  Vol.l,p899-9ii 

[85-2SchltJ.C. Schuster  in  "Boron  Nitride  and  Silicon  Nitride  Systems", 

X  Semiannual  Report  to  the  European  Research  Office  of  the 
USA  under  contract  DAJA84-C-0038  (1985) 

[85Uch]  N.Uchida.M. Koizumi  and  M.Shimada,  "Fabrication  of  Si  N  Ceramics 
with  Metal  Nitride  Additives  by  Xsostatic  Hot  Pressing", J.Amer. 
Ceram. Soc. 64  (1981)  549-552 

(85V11J  P.Villars  and  L.D. Cal vert, "Pearsons  Handbook  of  Crystallographic 
Data  for  Xntermetalllc  Phases "(Amer. Soc. Met. .Metals  Park, OH., 
1985) 

[86Mas]  T.B.Massalskl  (ed. ), "Binary  Alloy  Phase  Diagrams"  (Amer. Soc. 

Met. .Metals  Park, oh. ,1986) 

[86Sug]  K. Suganuma, T. Okamo to, Y. Miyamoto, M.Shimada  and  M. Koizumi, 

"Joining  SjL  R  to  Type  405  Steel  with  Soft  Metal  Interlayers", 
Mater . Sc 1 .Tecnnol . 2  (1986)  1156-1161 


81 


Tabic  17.1:  Solid  phases  in  the  system  Nb  -  Si  -  N 


Phase  / 
Temperature 

Range  (°C) 

Pearson  Symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(pa) 

Consents 

Mb 

ci2 

Xa3a 

M  (A2) 

a=  330.02 

I85V11J; powder  pattern: 

ASTM  file  card  *  34-370 

Nb,Si 

tP32 

P42/n 

TJ^P 

a*  1022.4 

c=  518.9 

[ 85V11 ] ; powder  pattern: 
ASTM  file  card  *  22-763 

MbjSia(r) 

tI32 

a=  657.0 

[85Vil]; powder  pattern: 

T<1940 

14 /men 

C^B3  (D8l) 

c=  1188.4 

ASTM  file  card  «  30-874 

tI32 

as  1002.6 

[ 85V11 ] /powder  pattern : 

T>1650 

14/ecm 

S^  (D8J 

C=  507.17 

ASTM  file  card  #  30-875 

NbSi, 

hP9 

P6Z22 

CrSJ^  (C40) 

as  481.9 

c=  659.2 

[ 85V11 1 ; powder  pattern : 

ASTM  file  card  #  8-450 

P  -Hl^N 

hP9 

P31m 

VaN 

a=  526.7 

c=  498.8 

[85vil I /powder  pattern: 

ASTM  file  card  #  30-869 

K-Hb^H, 

tI14 

Mb.H, 

a=  438.2 

c=  863.2 

[85Vil]/ powder  pattern: 

ASTM  file  card  *  20-803 

5-KbMt_x (h) 

cF8 

Fe3s 

NaCl  (Bl) 

as  439.4 

[8SVil]/ powder  pattern: 
ASTM  file  card  «  25-1361 

34-337,38-1155 

■c-NbN 

hP8 

P6a/nmc 

TiAs 

as  295.8 

c=  1127.3 

[85V11]/ powder  pattern: 
ASTM  file  card  ft  20-801 

**>»* 

hP22 

P6a/mcm 

as  519.3 

c=  1038.0 

[85V11] /powder  pattern: 
given  in  (71TerJ 
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Tab .17.1  continued 


tI18 

as  687.3 

[85V11]; powder  pattern: 

14 /m 

RhLi  H 

«*  4 

c=  429.8 

given  in  [71Ter] 

Si 

CF8 

a=  542.86 

[ 8 5Vil]; powder  pattern: 

Fd3m 

ASTM  file  card  #  5-565 

C  (A4 ) 

a-sV»* 

hP28 

as  781.8 

[ 85V11 ] ; powder  pattern : 

P31c 

cs  559.1 

ASTM  file  card  #  9-250 

Si,K4 

TO 

1 

CA 

** 

hP14 

as  760.8 

[ 8 5V11J; powder  pattern: 

P63/m 

c=  291.1 

ASTM  file  card  «  29-1132 

Si.N 

33-1160 

hP18 

as  751.69 

[85-lSch];powder  pattern: 

T>1000 

P63/mcm 
filled  MivSi_ 

5  3 

Cs  531.03 

ASTM  file  card  #  8-422 

Tab.  17.2: Thermodynamic  data  for  the  solid  phases  in  Nb  -  si  -  N 


phase  (J/gramatom)  Comment 


.1429  S^ 

-124602  +  57.95  T 

[76Fro] 

.3333  NbSJ^ 

AH*°8s  -46000 

[73Cha] 

.1250  lfll.Si3 

AhJP"s  -60700 

t 73Cha] 

.2500  101,81 

.3333  M^M 

-90793  +  30.96  T 

[76Fro J 
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Fig. 17.1:  Phase  diagram  of  the  boundary  system  niobium  -  silicon 
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Fig.  17. 3:  Isothermal  section  observed  in  the  systea  Nb  -  Si  -  N 
at  1000°C  (in  the  absence  of  external  nitrogen  pressure) 


Fig.  17. 4:  Isothermal  section  observed  in  the  systen  Mb  -Si  -  N 
at  1500°c  (under  argon) 


N 


Si  20  NbSi2  Nb5Si3  80  Nb 

- -  at  °/«  Nb 


SYSTEM  TANTALUM  -  SILICON  -  NITROGEN  (Ta-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Ta-Si-N  between  l000°c  and  1500°c  were  deter- 
■ined  by  x-ray  analysis  [56Bre] , [85Sch] .The  alloys  investigated 
in  the  latter  work  were  prepared  using  powders  of  si,^  (mixture  of 
a-Si^  and  /5-Si,  1^,58  at%  Si),  silicon  (purity:  3N)  and  tantalua 
(purity:  3N6;  lnpurities  in  ppn:  O  1700,  Fe  150,  Nb  100,  other  <  10  ) 
all  froa  Alpha  Div. ,Ventron  Corp.,USA.  Cold  pressed  nixtures  of 
these  powders  and/or  of  powders  of  aaster  alloys  aade  thereof  were 
either  sealed  in  evacuated  quartz  tubes  lined  with  Mo  foil  and  heat 
treated  for  600h  at  1000°C  or  annealed  for  30h  at  1500°C  in  a 
r . f . furnace  under  argon  ( purity : 5N+ ) . 

BINARY  SYSTEMS 

The  tantalua-silicon  phase  diagran  of  [81Koc]  ( fig. 18.1, therao- 
dynaaically  modelled  by  [89Vah])  is  preferred  over  the  diagram  given 
in  [ 86Mas J . Five  intermediate  phases  exist  (tab. 18.1) .The  phase 
diagram  for  the  system  Ta-N  (fig. 18. 2)  is  based  on  [83Ett]  and 
suppleaented  by  original  information  taken  froa  [69Boo], [73Gei], 
[75Gat]  and  [84Koy].No  phase  diagram  is  reported  for  the  systea 
Si-N.  S^N4  exists  in  two  modifications:  ^-Sia N  and  /?-Sia>£ 

(tab. 18.1).  The  solubility  of  nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

The  only  ternary  phase  existing  in  the  system  Ta-Si-N  is  Ta^si^N^ 
(tab. 18.1)  .T^SiaH_x  dominates  the  phase  equilibria  in  the  isothermal 
section  at  1500°C  under  argon  (fig. 18. 3  [85Sch])  and  1327°C  under 
nitrogen  (fig. 18. 4  [56Bre])  but  does  not  occur  at  1000«c  (fig. 18. 5 
[85Sch] )  .At  the  latter  temperature  si^  coexist  with  c-TaN^-Ta^  N, 
T^sia  and  TaSia  but  not  with  Ta2Si,T^Si  or  tantalua. These  data 
confirm  reports  on  the  interaction  of  S^N4+  Ta  or  TaN  [81Taa][85Uch) 
as  well  as  on  the  reactions  of  tantalum  silicides  with  t^(gas)  [56Now] 
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[69Fit]. Lattice  parameters  of  neither  tantalun  silicide  coexisting 
with  T^Si,  l|.x  ,/7-Ta*  N,  S^N4  or  Nz(gas)  are  altered  with  respect  to 
the  values  of  the  pure  binary  alloys  indicating  virtual  Insolubility 
of  nitrogen  in  tantalum  silicides. 


Using  the  thermodynamic  data  in  tab.  18. 2  for  the  calculation  of 
tie  lines,  the  experimental  results  at  1000°c  (fig. 18. 3)  are  corrobo¬ 
rated. There  is  no  pressure  or  temperature  range  where  S^N4  coexists 
in  equilibrium  with  tantalum. 
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Table  18.1:  Solid  phases  in  the  systen  Ta  -  si  -  N 


Phase  / 

Temperature 

Range  (°C) 

Pearson  Symbol/ 

Space  group  / 

Prototype 

Lattice 

Parameters 

(P*) 

Comments 

Ta 

cl2 

ImSm 

w  (A2) 

a=  330.25 

[85V11]; powder  pattern: 
ASTM  file  card  #  4-788 

T^Si 

tP32 

P42/n 

TljP 

a=  1019.3 

c=  517.5 

[85V11]; powder  pattern: 

A STM  file  card  ff  18-1312 

T^Si 

tI12 

I4/mcm 

AJ^CU  (C16) 

a=  616 

c=  505.6 

[ 5 3Now]; powder  pattern: 
ASTM  file  card  #  6-552 

TR,Si3(r) 

tI32 

a=  651.6 

[85Vil]; powder  pattern: 

T<2160 

14 /men 

Ci^B,  (D^J 

c=  1187.3 

ASTM  file  card  #  9-232 

T^Si,(h) 

tI32 

as  988 

[85Vil]; powder  pattern: 

T>2160 

14 /ace 

h*.  (d8„i 

c=  506 

ASTM  file  card  #  9-280 

TaSlj 

hP9 

P6a22 

CT8^  (C40) 

a=  478.21 

C=  656.95 

[85V11]; powder  pattern: 
ASTM  file  card  #  8-53 

38-483 

T^H,(r) 

T<790 

c** 

as  1010 

[85V11] 

tf-T^M(r) 

hP9 

as  528.5 

[85V11]; powder  pattern: 

T<1850 

pJlm 

c=  491.9 

ASTM  file  card  #  31-1370 

ft-  T^H(h) 

hP3 

as  304.76 

[85V11]; powder  pattern: 

T>1€50 

pyimc 
p^m  (L'3) 

cs  491.87 

ASTM  file  card  #  26-985 

^-TSH^Jh) 

T>1750 

cFS 

vmSm 

NaCl  (Bl) 

as  433 

[85Vil]; powder  pattern: 
ASTM  file  card  #  32-1283 
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Tab. 18.1  continued 


£-TaN 

bP6 

a=  519.6 

[ 8 5Vil 1; powder  pattern: 

T<1950 

P62b 

c=  291.1 

ASTM  file  card  #  9-257 

TaN 

bP22 

a=  516 

[85Vil]; powder  pattern: 

P63/MC 

C=  1027 

given  in  [71Ter] 

tX18 

a=  683.1 

[85Vil]; powder  pattern: 

I4/» 

RhLi4N4 

C=  426.9 

given  in  [71Ter] 

Si 

CF8 

a=  542.86 

[85Vil]; powder  pattern: 

Fd3a 

ASTM  file  card  #  5-565 

c  (A4J 

c-Si,N4 

hP28 

a=  781.8 

[85Vil ]; powder  pattern: 

P31c 

C=  559.1 

ASTM  file  card  #  9-250 

hP14 

a=  760.8 

[ 85V11 1 ; powder  pattern : 

P6a/. 

C=  291.1 

ASTM  file  card  #  29-1132 

si,h4 

33-1160 

hP18 

a=  750.88 

[ 85  Sch ] ; powder  pattern : 

T>  1000 

P63/bcb 
filled  Mr^  sdl, 

c=  524.57 

ASTM  file  card  «  6-594 

Tab.l8.2:Tfcersodynasic  data  for  the  solid  phases  in  Ta  -  Si  -  N 


phase  a<5*  ( J/ grass t os)  Consent 


.1429  Si,*, 

-124602 

♦ 

57.95  T 

J76FTO] 

.3333  TaS^ 

-39700 

+ 

5.084  T 

[89Vah] 

.1250  T^Si* 

-41800 

♦ 

5.599  T 

t 89Vah } 

.3333  T^Si 

-41800 

♦ 

6.391  T 

[89Vah] 

.2500  T^Si 

-38700 

♦ 

7.331  T 

[89Vah] 

.3333 

-67920 

♦ 

17.015  T 

[76Fro] 
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Fig. 18.1:  Phase  diagran  of  the  boundary  systea  tantalus  -silicon 


Fig. 18. 2:  Phase  diagras  of  the  boundary  systen  tantalus  -  nitrogen 


Fig. 18. 3:  Isothermal  section  observed  in  the  system  Ta  -  Si  -  H 
at  1000°C  (in  the  absence  of  external  nitrogen  pressure) 


N 


20  TaSi2  40  Ta5Si3  Ta^Si  Ta3Si  Jq 

~  —  Qt  %  T Q 
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Fig. 18. 4:  Isothermal  section  observed  in  the  system  Ta 
at  1327°c  (under  nitrogen) 


-  Si  -  N 


Si3N4 


JqN 


,Tq2N1_> 


To5Si3Ni-J 


SYSTEM  CHROMIUM  -  SILICON  -  NITROGEN  (Cr-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Cr-Si-N  between  1000°c  and  1600°c  were 
determined  by  x-ray  analysis  [81Kat], [88Sch].The  alloys  investigated 
In  the  latter  work  were  prepared  using  powders  of  Si^  (mixture  of 
« -Si^N^  and /?-SiaN  ,58  at*  Si),  silicon  (purity:  3N)  and  chromium 
(purity:  3N5)  all  from  Alpha  Div.,Ventron  Corp.,USA.  Cold  pressed 
mixtures  of  these  powders  and/or  of  powders  of  master  alloys  made 
thereof  were  either  sealed  in  evacuated  quartz  tubes  lined  with  Mo 
foil  and  heat  treated  for  400h  at  temperatures  up  to  1000°C  or 
annealed  in  an  r.f. furnace  under  argon  (purity: 5N+)  at  temperatures 
up  to  1400°C. 

BINARY  SYSTEMS 


In  the  binary  system  Cr-Si  [86Mas]  four  intermediate  phases  exist 
(tab. 19.1) .The  phase  diagram  of  Cr-N  (fig. 19.1)  is  due  to  [71Sve] 
(reproduced  e.g.  in  [76Mof]  and  [81Kat] )  but  modified  according  to 
(76Fro].At  1000®C  and  p(!|)=  10s  Pa  (tab. 19.1)  two  intermediate 
phases,  Ci^N  and  CrN, exist. However  neither  phase  is  stable  at  this 
temperature  and  Pd^js  70  Pa  [76Fro], [81Yam] .No  phase  diagram  is 
reported  for  Si-N.  Si^N^  exists  in  two  modifications:  °<-Sia N  and 
ft  — SJ^N^  (tab. 19.1).  The  solubility  of  nitrogen  in  silicon  as  well  as 
in  chromium  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

> 

No  ternary  phase  exists  in  Cr-Si-N  (tab. 19.1) .Four  experimentally 
determined  isothermal  sections  are  reported  [81Kat ] , [88Sch] :  At  1000®c 
as  well  as  1400°C  in  the  absence  of  external  nitrogen  pressure 
(figs. 19.2  and  19.4  resp.);at  1000°c  under  p(l^)  exceeding  =  40  Pa 
(fig. 19. 3);  and  at  1600®C  at  p(l^)=  10sPa  (fig. 19. 5).  These  data 
confirm  earlier  reports  on  the  decomposition  of  S^N^  in  contact 
with  chromium  at  temperatures  of  90o®c  and  above  [56Now], [66Mue], 
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[69Fel] , [73Cha] , [76Kri] , [77Kha] , [830re] , [89Got ) .The  silicide  aost 
rich  in  chroaiua  coexisting  with  Sia  N  is  Cr3Si  at  1000°C  and  Ci^Si3 
at  1400°C  and  1600°C. Lattice  parameters  of  neither  chroaiua  silicide 
coexisting  with  Si^l£  or  1^  gas  are  altered  with  respect  to  the 
values  of  the  pure  binary  alloys  indicating  virtual  insolubility  of 
nitrogen  in  chroaiua  silicides. 


Using  the  theraodynaaic  data  in  tab. 19.2  the  nitrogen  pressures 
for  the  invariant  equilibria  occurring  at  1000°C  as  well  as  at  1400°C 
are  calculated  (tab. 19. 3) .The  resulting  tie  lines  are  consistent 
with  the  experiaen tally  observed  isothermal  sections  (figs. 19. 2  to 
19. 4). There  is  no  pressure  or  temperature  range  where  Sia N  coexists 
in  equilibriua  with  chroaiua. 
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Table  19.1:  Solid  phases  in  the  system  Cr  -  Si  -  N 


Phase  / 

Temperature 

Range  (°C) 

Pearson  Symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(P«) 

Comments 

Cr 

cl2 

Xm3m 

w  (A2) 

a=  288.4 

[85V11]; powder  pattern: 

AS1N  file  card  #  6-694 

Cr,Si 

CP8 

Pm3n 

Cx^Si  (A15) 

a=  455.5 

[85V11]; powder  pattern: 

ASTM  file  card  #  7-186 

Cl^Si, 

tI32 

14/mcm 

<D8»I 

a=  917.0 

C=  463.6 

[85V11]; powder  pattern: 
given  in  [55Par] 

CrSi 

CP8 

P^3 

FeSi  (B20 ) 

a=  460.7 

[ 8 5Vil]; powder  pattern: 

CrSJj 

hP9 

P62  2  2 

CrS^  (C40 ) 

as  443.1 

c=  636.4 

[85V11]; powder  pattern: 

ASTM  file  card  «  12-596 

35-781 

C^N 

hP9 

P31m 

a=  479.6 

c=  447.0 

[85V11]; powder  pattern: 

ASTM  file  card  «  27-127 

35-803 

CrN 

CF8 

Fm3m 

NaCl  (Bl) 

a=  414.8 

[85V11]; powder  pattern: 

ASTM  file  card  #  11-65 

Si 

CF8 

Fd3m 

c  <A4) 

a=  542.86 

[85Vil]; powder  pattern: 

ASTM  file  card  #  5-565 

hP28 

P31c 

as  781.8 

cs  559.1 

[85Vil]; powder  pattern: 
ASTM  file  card  #  9-250 

hP14 

P6,/m 

as  760.8 

cs  291.1 

(85V11); powder  pattern: 
ASTM  file  card  «  29-1132 

33-1160 
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Tab.  19. 2:  Thermodynamic  data  tor  the  solid  phases  in  Cr  -  SI  -  H 


phase 


.1429  Si^Njf 
.3333  CrS^ 
.5000  CrSl 
.1250  Cl^S^ 
.2500  Cl^Si 
Cr(s.s.7at% 

Cr(s.s.6att 

.3632  C^H0 


AGf  ( J/gramatos) 

-124602  +  57.95  T 
-26700  ♦  1.0  T 
-27400  -  0.6  T 
-27500  -  0.8  T 
-26400  •*-  0.6  T 
Si)  -7200  (at  1673K) 

Si)  -6700  (at  1273K) 

„  -30663.4  ♦  15.22  T 


consent 


(76FroJ 

[75Cha] 

[75Cha] 

[75Cha] 

[75Cha] 

estimated  fros  plot 

estimated  frcji  plot 
*  u*7a 

“ vs.  xSi 
[76Fro J 


Tab.  19.3:  Calculated  invariant  equilibria  in  Cr  -  Si  -  N 


a)  at  1000*C  (1273K): 


p(ll) 

(Pa) 

Reaction 

5  K  10"* 

81*  *1 

c 

3  81 

+  2 

«* 

85  x 

10" 

81*  *1 

♦ 

6  Cr 

PSi- 

3  =  9 

cr 

,w|K^.  oar  +  ^ 

H* 

220  x 

10* 

81*  *1 

+ 

12  Cr  ^ 

.  023 

81^3 

= 

15  Cr.=  Si..  + 

2 

2.2 

**>»* 

4- 

15  Cr 

.  75 

S1.23 

=  18  Cr  Si 

*  /S23  .273 

+  2  H2 

42 

C^M 

-a 

=  2 

cr  + 

0.38 

N2 

830 

S4N, 

+ 

4.5 

cr  N  _  = 

e»  «  •  ^ 

12 

Cr  _Si  _  +  3.71  N, 

•  ■  v  .  *- 

b)  at  1400°C  (1673KJ 


p(Hj )  (Pa)  Reaction 


95 

€80 

1.7«  10* 
6.6  *  10* 
13. 8 «  10* 
250  x  1<? 


Si^H  *  3  Si  ♦  2  H, 

Syi4  ♦iCt,8i1-9  Cr^Si^ 
81*  *1  *  12  Cr^Si^  =  15  Cr  ,81 
cra«™  *  2  cr  0.38  Nj 
8i,li  4  15  cr  79Si  „  »  18  Cr  Si 
8^  ♦  4.5  Cr2N?a  «  12  Cr-738i  M 


+  2  H, 

*  ♦  2  H, 

.,73  *  2  Hj 

♦  3.71  Hj 
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SYSTEM  MOLYBDENUM  -  SILICON  -  NITROGEN  (Mo-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Mo-Si-N  between  1000°c  and  1400°c  were 
determined  by  x-ray  analysis  [88Sch].The  alloys  investigated  were 
prepared  using  powders  of  Sj,N4  (mixture  of  a-si,  N  and  /?-Sia  N  ,  58 
at%  Si, from  Alpha  Div.,Ventron  Corp., USA), silicon  (purity:  3N,from 
Alpha  Div. ,Ventron  Corp.,USA)  and  molybdenum  (purity:  3N,from 
Metal lwerk  Plansee, Austria) .Cold  pressed  mixtures  of  these  powders 
and/or  of  powders  of  master  alloys  made  thereof  were  either  sealed 
in  evacuated  quartz  tubes  lined  with  Mo  foil  and  heat  treated  for 
400h  at  temperatures  up  to  1000°C  or  annealed  in  an  r.f. furnace 
under  argon  ( purity :5N+)  at  temperatures  up  to  1400°C. 

BINARY  SYSTEMS 

The  phase  diagram  for  the  binary  system  Mo-Si  given  in  [86Mas] 
(based  on  [72Koc],  thermodynamically  modelled  by  [89Vah] )  needs  to 
be  modified  with  regard  to  the  melting  beha\lor  of  Moa  Si  [54Now], 
[80Zot  ] ,  [83Chr  1 :  Mq,si  decomposes  upon  melting  into  Mo5  S^+  (liq.) 
rather  than  Mo  +  (liq.)  ( fig. 20. 1 ) .Three  intermediate  phases  occur 
(tab. 20.1)  .The  phase  diagram  for  the  system  Mo-N  given  in  [86Mas]  is 
based  on  [70Ett]  and  [78Jeh]  but  does  not  include  the  occurrence  of 
/3-M^N  at  T  J£  850°c  as  shown  in  the  original  diagrams  (fig. 20. 2  due 
to  [70Ett],[78Jeh], reviewed  by  (80Fer]).The  intermediate  phases  are 
listed  in  tab. 20.1. Neither  is  stable  at  1000°c  unless  p(i^)  >  l(fpa 
[78Jeh].No  phase  diagram  is  reported  for  Si-N.  S^N4  exists  in  two 
modifications -Si,N4  and  fl-si,!^  (tab. 20.1)  .The  solubility  of 
nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  Mo-8i-N  (tab. 20.1) .At  1000°C  as  well  as 
at  1400°C  SijH  coexists  with  MoSi,  and  Mog  8^  but  not  with  Mo,  Si  or 
Mo  (fig. 20. 3) .In  the  absence  of  external  nitrogen  pressure  no 
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molybdenum  nitride  is  observed  [88Sch] .This  confirms  earlier  reports 
on  the  decomposition  of  Si,l£  in  contact  with  molybdenum  at  tem¬ 
peratures  of  1000°C  aad  above  [56Now] , [69Pit J ,  [77Kha] [79Mue][83Sug] . 
However  at  temperatures  up  to  1000°C  this  reaction  is  slow  and 
incoalete  even  after  400h  anneal  [888ch]. Lattice  parameters  of 
neither  molybdenum  silicide  coexisting  with  S^N^  or  N2  gas  are 
altered  with  respect  to  the  values  of  the  pure  binary  alloys 
indicating  virtual  insolubility  of  nitrogen  in  molybdenum  silicides. 

Using  the  thermodynamic  data  in  tab. 20. 2  the  nitrogen  pressures 
for  the  invariant  equilibria  occurring  at  1000°C  as  well  as  at  1400°C 
are  calculated  (tab. 20. 3) .The  resulting  tie  lines  are  consistent 
with  the  experimentally  observed  isothermal  section  (fig. 20. 3). 
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Table  20.1:  Solid  phases  in  the  system  Mo  -  si  -  H 


Phase  / 

Temperature 

Range  (°c) 

Pearson  symbol/ 
Space  grow  / 

Prototype 

Lattice 

Parameters 

(pm) 

Comments 

MO 

CI2 

Im3m 

W  (A2) 

a=  314.70 

[85V11]; powder  pattern: 
ASTM  file  card  #  4-809 

M<^Si 

CP8 

Pn3n 

C^Si  (A15) 

a=  489.0 

t 8 5Vil]; powder  pattern: 
ASTM  file  card  «  4-814 

tI32 

a=  964.25 

[85Vil]; powder  pattern: 

14 /men 

S^  (D8m) 

c=  490.96 

ASTM  file  card  «  17-415 

MoSJ^ 

tI6 

a-  320.2 

[85V11]; powder  pattern: 

I4/mn* 

MoSij  (Cll) 

c=  785.1 

ASTM  file  card  #  6-681 

ft  MQjN 

t!12 

a»  420 

[85V111; powder  pattern: 

T<850 

I4t /aed 

Mt^N 

C-  801 

ASTM  file  card  #  24-768 

/'  M<^N 

CP8 

a=  416.5 

[85V11]; powder  pattern: 

(or  M<^Ha) 
T>850 

Pm3m 

ASTM  file  card  #  25-1366 

6  MON 

hPi6 

as  572.5 

[85Vil]; powder  pattern: 

P6#  /uc 

MON 

cs  560.8 

ASTM  file  card  #  25-1367 

81 

CF8 

Fd3m 

C  (A4) 

as  542.86 

[85V11]; powder  pattern: 
ASTM  file  card  #  5-565 

»■ -*V. 

hP28 

as  781.8 

[85Vil); powder  pattern: 

P31C 

c=  559.1 

ASTM  file  card  «  9-250 

ft  -81^N4 

hP14 

as  760.8 

185V11); powder  pattern: 

P«,/m 

c=  291.1 

ASTM  file  card  «  29-1132 

33-1160 
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Tab. 20. 2:  Theraodynaaic  data  for  the  solid  phases  in  Mo  -  Si  -  N 


phase 

a<j®  [j/graaatoa] 

Consent 

.1429  8^M4 

-124602  +  57.95  T 

[76Fro] 

.3333  MoS^ 

-46515.7  -  2.832  T 

[89Vah] 

.1250  MQ.Si, 

-37008  -  3.787  T 

[ 89Vah ] 

.2500  Mi^Si 

-29710  ♦  0.510  T 

[89Vah] 

.3333  M^M 

-19107.4  +  17.96  T 

(76Pro J 

Tab. 20. 3:  Calculated  invariant  equilibria  in  Mo  -  Si  -  N 


a)  at  1000°C  (1273K): 


ptNj)  (Pa)  Reaction 


5  *  io'a 
23.6 

6.4  *  10* 
12  *  10* 
39.5  x  10* 


31,  N  *  3  Si  +  2  Nj 

♦  3.429  MO  ^Si  ,75=  6.429  Mo  a„Si  2  N2 

8i»!i  ♦  15  MO  ^Si  „  -  18  MO  ^Si  a7B  +  2  H, 

Mo2N  *  2  Mo  +  0.5  Hg 

S^H4  ♦  4.5  Mo2H  =  12  MO  ?sSi  23  ♦  4.24 


b)  St  1400°C  (1673K) 


p(K, )  (Pa)  Reaction 


95 

64  x  10* 

10  x  ioa 

11  x  10* 
22  x  10a 


8i>H4  •  3  Si  +  2  Ha 

Si,*  ♦  3.429  Mo^Si  ,7S=  6.429  Mo  a„Si  2  M, 
♦  ^  MO^  TgOi'  23  18  MO  ^258^173  ^  ^ 

MoaM  •  2  MO  +  0.J  N, 

Oi^H  +  4.5  Mo2M  *  12  Mo  73Si  ^  +  4.24 


SYSTEM  TUNGSTEN  -  SILICON  -  NITROGEN  (W-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  W-Si-N  between  1000°C  and  1400®c  were 
determined  by  x-ray  analysis  [88Sch].The  alloys  investigated  were 
prepared  using  powders  of  Si^H^  (mixture  of  a-sia  and  ^-Sia  1^,58 
at%  Si, from  Alpha  Dlv.,ventron  Corp. , USA) , silicon  (purity:  3N,from 
Alpha  Div. ,Ventron  corp. ,USA)  and  tungsten  (purity:  3N,from 
Metallwerk  Plansee, Austria) .Cold  pressed  mixtures  of  these  powders 
and/or  of  powders  of  master  alloys  made  thereof  were  either  sealed 
in  evacuated  quartz  tubes  lined  with  Mo  foil  and  heat  treated  for 
400h  at  temperatures  up  to  1000°C  or  annealed  in  an  r.f. furnace 
under  argon  (purity:  SN-f)  at  temperatures  up  to  1400°C. 

BINARY  SYSTEMS 

l 

The  phase  diagram  for  the  binary  system  W-Si  is  given  in  [86Mas] 
and  was  thermodynamically  modelled  by  [89Vah].No  phase  diagram  exist 
for  the  systems  W-N  or  si-n.Two  supposedly  stable  [88Wri]  tungsten 
nitrides  are  reported  (tab. 21.1)  .However, the  cubic  phase  (f?)-t£N 
was  shown  to  be  an  oxynitride  [67Gue].S^N4  exists  in  two  modifi¬ 
cations:  s'-Si^N^  and  tf-Si#l^  (tab. 21.1).  The  solubility  of  nitrogen 
in  silicon  as  well  as  tungsten  is  very  low  [76Fro] ,  [81Jeh] . 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  W-Si-N  (tab. 21.1).  Figs. 21.1  and  21.2 
show  the  phase  equilibria  in  the  absence  of  external  nitrogen 
pressure  at  1000°c  and  1400°C  reap.  [88SchJ.SJ^N4  coexists  with 
tungsten  up  to  1128°C  [88Sch] .Above  this  temperature  Si^N^  is 
rapidly  decomposed  [69Fit],[70Sat],[77Kah],[79Mue],[88Sch]  and  a 
three  phase  field  Si^ ♦  W9Sla+  N2(gas)  exists .  Lattice  parameters 
of  neither  tungsten  silicide  coexisting  with  S^N4  or  Nj  gas  are 
altered  with  respect  to  the  values  of  the  pure  binary  alloys 
Indicating  virtual  insolubility  of  nitrogen  in  tungsten  silicides. 
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Using  the  thermodynamic  data  in  tab. 2 1.2  the  nitrogen  pressures 
for  the  invariant  equilibria  occurring  at  1000°c  as  well  as  at  1400°c 
are  calculated  (tab. 21. 3) .The  resulting  tie  lines  are  consistent 
with  the  experimentally  observed  isothernal  sections  (figs. 21.1  and 
21. 2). For  the  observed  onset  of  the  decomposition  reaction  of  si^ 
with  tunsten  at  1128°c  the  calculated  nitrogen  eqilibrlua  pressure 
is  376  Pa. 
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Table  21.1:  Solid  phases  in  the  systea  If  -  Si  - 


Phase  / 
Temperature 

Range  (°c) 

Pearson  symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(P«) 

Comments 

if 

Cl2 

imSm 

W  (A2) 

a =  316.52 

[85V11]; powder  pattern: 
AST*  file  card  «  4-806 

. 

tI32 

14 /men 

i«.  <d8„' 

a=  964.5 

c=  497.0 

[85V11J; powder  pattern: 

ASTM  file  card  «  16-261 

ws^ 

tl6 

14/mmm 

HoSjj  (Cll) 

a=  321.1 

c=  786.8 

[85Vil]; powder  pattern: 

ASTM  file  card  #  11-195 

n  -h,n 

<W 

cF8 

Fm3m 

Nacl  (Bl) 

as  412.6 

[85Vil]; powder  pattern: 

ASTM  file  card  #  25-1257 

hP2 

P6m2 

WC  (Br  ) 

as  289.3 

cs  282.6 

[85V11J; powder  pattern: 

ASTM  file  card  #  35-1256 

si 

CF8 

Fd3m 

C  (A4) 

as  542.86 

[85V11]; powder  pattern: 

ASTM  file  card  «  5-565 

a-sV< 

hP28 

P31c 

as  781.8 

cs  559.1 

[85V11]; powder  pattern: 

ASTM  file  card  «  9-250 

bP14 

P6,/m 

as  760.8 

cs  291.1 

[85V11]; powder  pattern: 

ASTM  file  card  «  29-1132 

33-1160 

Tab. 21. 2:  Theraodynaaic  data  for  the  solid  phases  in  if  -  31  -  N 


phase  ag®  [J/graaatoa]  Coaaent 

.1429  -124602  +  57.95  T  [76Fro] 
.3333  WS^  -31039  +  0.697  T  [89Vah] 
.1250  H.Si3  -19203.8  -  1.778  T  [89Vah] 


Tab. 21. 3:  Calculated  invariant  equilibria  in  W  -  si  -  N 


a)  at  1000®C  ( 1273K) : 

p(N2)  (Pa)  Reaction 

5  -  10'3  Si3I^  *  3  Si  +  2  Nj 

15  +  3429  W^Si  37,=  6«29  w.333Si  2  H2 

17  _ Si*W.x  +  5  W  =  8  W,«5Si.3T5  +  2  Nz 


b)  at  1400°C  (1673K) 

p(M2)  (Pa)  Reaction 

Si^l^  =  3  81  +  2  H2 

8ia*l  +  3.429  W^Si  JTa=  6.429  W  „3Si  ^  2  N2 
•V*  ♦  *  *  -  8  W<023Si>375  +  2  H, 


95 

6.22  x  10* 

56.6  x  l(? 
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Pig. 21.1:  Isothermal  section  observed  in  the  system  w  -  Si  -  N 

at  1000°C  (in  the  absence  of  external  nitrogen  pressure) 


N 
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-  I 

I 

rig.  21. 2:  Isothermal  section  observed  in  the  system  W  -  Si  -  W 
at  1400°C  (under  argon) 


SYSTEM  MANGANESE  -  SILICON  -  NITROGEN  (Mn-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  the  systea  Kn-Si-N  were  investigated  at  1000°c 
by  x-ray  analysis  [87Wei] .Alloys  were  prepared  using  powders  of  Sia N 
(■ixture  of^-si^  and  /^-Si^  1^,58  at%  Si),  silicon  (purity:  3N) , 

M^N  (purity:  3H)  from  Alpha  Div.,Ventron  corp.,OSA  and  aanganese 
(purity:  2N5)  froa  Fluka  AG Switzerland . Cold  pressed  aixtures  of 
these  powders  and/or  of  powders  of  aaster  alloys  Bade  thereof  were 
sealed  in  evacuated  quartz  tubes  lined  with  Mo  foil  and  heat  .treated 
at  1000®C. 

BINARY  SYSTEMS 


The  phase  diagran  for  the  system  Mn-Si  is  given  in  [86Mas]  and 
was  theraodynaaically  optimized  by  (89Cha].The  diagram  for  the  system 
Mn-N  given  in  [86Mas]  was  recently  revised  (fig. 22.1  [90Gok]). 
Structural  data  for  aanganese  silicides  as  well  as  the  solid  phases 
reported  to  fora  under  nitrogen  are  listed  in  tab. 2 2.1. No  phase 
diagram  is  reported  for  Si-N-  S^N4  exists  in  two  modifications: 
a-Sj^  and  (tab. 22.1)  .The  solubility  of  nitrogen  in  silicon 

is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

The  ternary  phase  MnSil^, discovered  by  [71Mar] ,  (tab. 22.1)  forms 
above  700®c  by  reaction  of  aanganese  with  silicon  under  nitrogen 
[79Poa].This  phase  is  stable  up  to  1300®c  under  p(l| )  =  Itfpa 
[79Poa].The  isothermal  section  at  1000°c  [87Wei]  (fig. 22. 2)  shows 
MnSU^  to  coexist  with  Nz(gas) ,sisl£ ,Mna81,/?-Mn(s.s.Sl)  and 
/-Mn(s.s.N)  under  their  equilibriua  nitrogen  partial  pressure. under 
argon  MnSil^  decoaposes  already  above  800®C  [79Poa] .Lattice 
paraaeters  of  MnSil^  do  not  vary  significantly  with  variation  of  the 
ratio  Mn/81  in  the  alloys. Thus  at  1000®c  MnSil^  is  a  line  compound . 
The  three  phase  field  MnSll|+  Mn,si  +  /i-Mn(s.s.Si)  observed  requires. 
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that  phase  fields  with  Kr^Sij  participating  aust  be  cut  off  by  a  tie 
line  between  M^8i  and  ^-Hn(s.s.8i)  at  low  nitrogen  contents. Lattice 
parameters  of  neither  aanganese  silicide  coexisting  with  SiB  1^  or 
KnSil^  are  altered  with  respect  to  the  values  of  the  pure  binary 
alloys  indicating  virtual  insolubility  of  nitrogen  in  aanganese 
sllicides.Thus  /?-Mn(s.s.Si)  is  likely  to  dissolve  Nz  . 


using  the  theraodynaaic  data  in  tab. 22. 2  the  nitrogen  pressures 
for  the  invariant  equilibria  occurring  at  1000°c  are  calculated 
(tab. 22. 3)  .The  resulting  tie  lines  are  consistent  with  the 
experimentally  observed  isotheraal  section  (fig. 22. 2). 
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Table  22.1:  Solid  phases  at  1000°C  in  the  systea  Kn  -  Si  -  N 


Phase  / 

Teaperature 

Range  (°C) 

Pearson  syabol/ 
Space  group  / 

Prototype 

Lattice 

Paraaeters 

(pa) 

coaaents 

«-Hn(r) 

T<727 

cl58 

Z43a 

<»-Kn  (A12) 

a=  891.39 

[85Vil]; powder  pattern: 
ASTM  file  card  *  32-637 

ft-Hn(h) 

727<T<1100 

CP20 

P4X32 

fi-Hn  (A13) 

a=  631.5 

[85Vil] .powder  pattern: 

ASTM  file  card  #  33-887 

ft-Ha  (s.s.lSat*  Si) 

a=  628.3 

[85V11] 

r -Hn ( h ) 

T>1100 

cF4 

Fa3a 

Cu  (Al) 

a=  386.2 

[85V11]; powder  pattern: 

ASTM  file  card  *  1-1202 

tetrag.dist.upon  quench: 

ASTM  file  card  #  17-910 

r -Mn  (s.s.lOat*  N) 

a=  388 

[75Kud] 

M^,Sip 

hR159 

a=  1087.1 

[85V11]; powder  pattern: 

(Mi^Si^MnSi) 

T<879 

R3 

c=  1918.9 

ASTM  file  card  #  31-832 

18-811,18-812 

01186 

a=  1699.2 

labeled  Mn^Si  in  [85Vil]; 

(CMnSi) 

laaa 

b=  2863.4 

c=  465.6 

powder  pattern: 

ASTM  file  card  «  24-737 

m^si 

CF16 

Fa3a 

BiF,  (D<^ ) 

a=  572.2 

[85Vil]; powder  pattern: 

»%si2 

tP56 

a=  890.97 

[85Vil] .powder  pattern: 

T<850 

PV*2 

c=  871.53 

ASTM  file  card  #  29-896 

30-826 

^Si, 

hP16 

P6#  /aca 

M^Si,  (D^) 

a=  691.1 

c=  481.3 

[85Vil]; powder  pattern: 
ASTM  file  card  «  3-1039 

MnSi 

cP8 

P243 

FeSi  (B20) 

as  455.7 

[85Vil] 

cont 
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Tab. 22.1  continued: 


Mnsi^  phases: 


tP120 

a=  551.8 

[85V11] 

P4n2 

cs  4813.6 

t** 

a=  551.5 

% 

[85V11] 

<KBS1.  7.o1 

C=  1133.6 

tI164 

a=  553.1 

[ 8 5Vil}; powder 

pattern: 

I42d 

c=  6531.1 

ASTM  file  card 

#  20-724 

“%7Sl.7 

tP296 

a=  553 

[85V11]; powder 

pattern : 

P4n2 

C=  1179.4 

ASTM  file  card 

#  26-1251 

tP44 

a=  552.5 

[85V11] 

P4c2 

c=  1746.3 

-Kn^N 

cP5 

a=  394.2 

[75Kud] 

Fa  3a 

Fe^N  (L'l) 

-Mq^N  phases 

• 

• 

hP3 

a=  281.60 

[85V11 ] 

(0<x<0.33) 

pync 

c=  453.44 

at  5b  400°C 

F^H  (L'3) 

hP12 

a=  489.16 

[85V11J /powder  pattern: 

P6#22 

c=  455.45 

ASTM  file  card  #  31-824 

at  TS 137°C 

OP12 

a=  453.7 

[85V11] 

at  RT 

Pbcn 

b=  566.8 

Pbq 

C*  490.9 

KX^N 

oC24 

as  485.52 

[85V11 ] 

C222, 

b*  840.88 

CB  453.27 
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Tab. 22.1  continued 


TJ-KHH, 

tzio 

a=  297.4 

[84Jac] 

I4m 

cs  1212.6 

Tb^  (L  '2b) 

e-K^HjCr) 

t** 

a=  421.5 

[85V11]; powder  pattern: 

T<400 

cs  414.5 

ASTM  file  card  #  1-1158 

e-MfcVh> 

c** 

a=  422.5 

[85V11] 

T>400 

Si 

CF8 

as  542.86 

[85V111; powder  pattern: 

Fd3« 

ASTM  file  card  «  5-565 

C  (A4) 

*  -SV*4 

hP28 

a=  781.8 

[85V11]; powder  pattern: 

P31c 

c=  559.1 

ASTM  file  card  #  9-250 

ft -8^ 

hP14 

a=  760.8 

[85V11]; powder  pattern: 

P6a/m 

cs  291.1 

ASTM  file  card  #  29-1132 

8^ 

33-1160 

*  MnSiH, 

0PI6 

as  524.8 

[ 8 5Vil]; powder  pattern: 

Pna24 

bs  651.1 

ASTM  file  card  «  25-548 

cs  507.0 
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Tab. 22. 2:  Theraodynaaic  data  for  tha  solid  phases  in  Mn  -  Si  -  W 


phase 

ag®  [ J/graaatoa] 

Consent 

.1429  S^H4 

-124602  4  57.95  T 

(76Pro) 

.0333  »itSilt> 

-9661.5  4  1.0  T 

[89Cha] 

.5000  MnSi 

-12253.2  +  1.0  T 

[69Cha] 

.1250  Mtt,Slg 

-12874.5  4  1.25  T 

[89Cha] 

.1429  Ml^Sig 

-11542.2  4  1.5  T 

[89Cha] 

.2500  M^Si 

-10897.0  ♦  1.5  T 

[89Cha] 

.0909  Ml^Sig 

-8629.5  4  1.0  T 

[89Cha] 

.1429  Ml^Si 

-7101.0  4  0.75  T 

[89Cha] 

f?-Mn(s.s.l4att 

Si)  -6000  (at  1273K) 

estinated  fron  plot 
.  A272 

A<f  V8* 

/-Mn(s.s.l0at* 

N)  -2000  (at  1273K) 

estinated  fron 

(or  aore  negative) 

1) 

7  7 

Mn  4  £  -Mn  H  ♦»  /-Mn  : 

4  •  P 

2) 

T,  =  1573K  for 

decomp. 

/  -Mn  pH  t  at  ptHg  )=  105 

.2000  c  -Mn  N 

-4534  4  3.266  T 

calc,  fron  data  given 

in  [75Gae] 

.3333  r  -Ml^N 

-83667.7  4  5.807  T 

calc,  fron  data  given 

in  [75Gne] 

.  2000  v  -Hi^N2 

-6680  4  5.696  T 

calc,  fron  data  given 
in  [75Gae] 

*  .2500  MnSil^ 

-42250  ±  500  (at  1273K) 

estinated  fron  the 

exp.  obs.  tie  lines: 

1)  coex.(SiaN^+  Mx^si)  but  not  (MnSiN24  Mn,Si3  ) 

2)  coex.  (Mnsii^+  Kn^si)  but  not  (81^4  MnpSj^) 

or  (Si^N^  ^-Nn(s.s.si) )  resp. 
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5  *  10-  SI,  «  3  Si  +  2  H2 

6  x  10'*  Si_ H  +  8.278  Mn  „8i  »  11.278  Mn  „4  2  N, 

2  4  JS  ,3  t9o7  .033  Z 

20  «  10'*  S1.H  4  12  Mn^Si  a?3=  15  Mn  3Si  s+  2  H, 

130  X  10"*  Si.H  4  15  Mn  _„Si  =  18  Mn  *  Si  ,4  2  N 

a  4  .73  .23  .<323  .373  2 

180  x  10'*  MnSiNz  =  .222  Siz  4  1.333  Mn  T,Si  „+  .556  Nz 

200  X  10'*  MnSiN,  4  7.333  Mn  ...Si  ,  =  9.3*33  Mn  _Si  ,4  H, 

330  x  10'*  MnSiNz  4  15.217  tf-Mn  (s.s.l4at%  Si)  = 

17.217  Mn  ...Si  4  N, 

jBIB  .182  2 

MnSiN,  4  6.825  r -Mn  (s.s.lOatt  N)  = 

7.143  tf-Mn  (s.s. 14at%  Si)  4  1.321  N, 


■ax.  2875 


1 


Fig. 22. 2:  Xsothernal  section  observed  in  the  systen  Mn  -  Si  -  N 

at  1000°C  (in  the  absence  of  external  nitrogen  pressure) 


N 
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SYSTEM  RHENIUM  -  SILICON  -  NITROGEN  (Re-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Re-Si-N  between  I000°c  and  1400°c  were 
determined  by  x-ray  analysis  [88Scb].The  alloys  investigated  were 
prepared  using  powders  of  SijN4  ( mixture  of  a-Si^  and  /3-Si^  1^,58 
at%  Si, from  Alpha  Div.,Ventron  corp. , USA) , silicon  (purity:  3N,fron 
Alpha  Dlv. ,Ventron  Corp., USA)  and  rheniun  (purity:  4N,from  Johnson, 
Mathey  and  Brandenberger, Switzerland) .cold  pressed  mixtures  of  these 
powders  and/or  of  powders  of  master  alloys  made  thereof  were  either 
sealed  in  evacuated  quartz  tubes  lined  with  Mo  foil  and  heat  treated 
for  400h  at  temperatures  up  to  1000°C  or  annealed  in  an  r.f. furnace 
under  argon  (purity: 5N+)  at  temperatures  up  to  1400®C. 


BINARY  SYSTEMS 

The  phase  diagram  for  the  binary  system  Re-Si  due  to  [82Jor]  is 
reproduced  in  [76Mof].No  phase  diagram  for  the  systems  Re-N  or  Si-N 
is  reported.lt  is  likely, that  the  rhenium  nitride  reported  to  exist 
up  to  370°C  (tab. 23.1)  is  stabilized  by  oxygen.  Si^  exists  in  two 
modifications :  a -S^N^  and  /7-Sial^  (tab. 23.1).  The  solubility  of 
nitrogen  in  silicon  as  well  as  rhenium  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  Re-Si-N  (tab. 23.1)  Figs. 23.1  and  23.2 
show  the  phase  equilibria  in  the  absence  of  external  nitrogen 
pressure  at  1000°C  and  1400°C  resp.  [88Sch].At  1000°c  S^N4  coexists 
with  rhenium, but  at  1400°c  a  three  phase  field  SJjN4  +  Re1?  S^,+ 
l^(gas)  exists. Thus  the  onset  for  the  decomposition  of  Sist^  by 
rhenium  is  between  these  temperatures. Lattice  parameters  of  neither 
rhenium  slliclde  coexisting  with  siaf£  or  n2  gas  are  altered  with 
respect  to  the  values  of  the  pure  binary  alloys  indicating  virtual 
insolubility  of  nitrogen  in  rhenium  sillcides. 
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Using  the  theraodynaaic  data  in  tab. 23. 2  the  nitrogen  pressures 
£or  the  invariant  equilibria  occurring  at  1000°C  as  well  as  at  1400®C 
are  calculated  (tab. 23. 3) .The  resulting  tie  lines  are  consistent 
with  the  experimentally  observed  isotheraal  sections  (figs. 23.1  and 
23.2) . 
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Table  23.1:  Solid  phases  in  the  system  Re  -  si  -  N 


Phase  / 
Temperature 

Range  (®C) 

Pearson  Symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(pm) 

Comments 

Re 

hP2 

a=  276.09 

[85Vil];po«fder  pattern: 

P6a/mmc 

Mg  (A3) 

c=  445.76 

ASTM  file  card  «  5-702 

mP24 

a=  645.11 

[85V11]; powder  pattern: 

(Re3Sia) 

P24/b 

b=  960.12 

C=  539.38 

ft-  94.2® 

ASTM  file  card  «  32-891 

ReSi 

CP8 

a=477 . 5 

[85Vil]; powder  pattern: 

T>1650 

P243 

FeSi  (B20) 

ASTM  file  card  #  8-278 

Res^ 

0I6 

a=  312.8 

[85V11]; powder  pattern: 

Xmnm 

b=  314.4 

C=  767.7 

ASTM  file  card  #  35-1384 

CF8 

Fm3m 

NaCl  (defect) 

a=  402 

[83Haq]; gives  powder 

pattern 

Si 

cF8 

Fd3m 

C  (A4) 

a=  542.86 

[85Vil); powder  pattern: 
ASTM  file  card  *  5-565 

—•v. 

hP28 

a=  781.8 

[85V11]; powder  pattern: 

P31c 

c=  559.1 

ASTM  file  card  #  9-250 

hP14 

a=  760.8 

[85Vil]; powder  pattern: 

P6a/m 

c=  291.1 

ASTM  file  card  #  29-1132 

33-1160 
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Tab. 23. 2:  Theraodynaaic  data  for  the  solid  phases  in  Re  -  Si  -  N 


phase  Ag«  [  J/gramatoa]  Coaaent 


.1429  S^M4 

-124602 

♦ 

57.95  T 

[76Frol 

.3333  ReSi* 

-30100 

+ 

0.0  T 

[73Cha] 

.5000  ReSi 

-26400 

+ 

0.0  T 

[73Cha] 

.1250  R^S^ 
t  .0385  R^7Sip  ) 

-19700 

2.1  T 

(73ChaJ 

Tab. 23. 3:  Calculated  invariant  equilibria  in  Re  -  Si  -  N 


a)  at  1000®C  (1273K): 

p(Hj)  (Pa)  Reaction 

Si3N4  =  3  Si  +  2  N3 

+  3*«9  Re  ^Si  375=  6.429  Re  333Si ^  2  N, 
Si>W4  +  5  Re  =  8  Re  ^Si  373  +  2  Nz 


5  x  10 
1.3 

24 


b)  at  1400°C  ( 1673K) 

p(Hj)  (Pa)  Reaction 

Si,H4  =  3  Si  +  2  N2 

Si3H4  +  3.429  Re  >a2SSi  375  =  6.4  2  9  Re  3„si  ^7+  2  N, 
S^H4  ♦  5  Re  *  8  Re  a23Si  3?3  +  2  H2 _ 


95 

5.8  x  10* 
76.2  «  1C? 
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rig. 23.1:  Isothernal  section  observed  in  the  systee  Re  -  si  -  N 

at  1000°c  (in  the  absence  of  external  nitrogen  pressure) 


N 


* 


1 

a 
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SYSTEM  IRON  -  SILICON  -  NITROGEN  (Fe-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Fe-Si-N  between  900®c  and  1150°c  were 
determined  by  x-ray  analysis  [87Wel].The  alloys  investigated  were 
prepared  using  powders  of  S^N4  (aixture  of  «-Sia  and  ^-Si3l£, 

58  at*  si, fro*  Alpha  Div. ,Ventron  Corp. , USA) , silicon  (purity:  3N, 
f roa  Alpha  Div. ,ventron  Corp., USA)  and  iron  (purity:  2N5 , impurities 
In  ppm:  Ni  600,  C<600,  0<2000;  from  Fluka  AG, Switzerland) .Cold 
pressed  mixtures  of  these  powders  and/or  of  powders  of  master  alloys 
made  thereof  were  sealed  in  evacuated  quartz  tubes  lined  with  Mo 
foil, heat  treated  either  at  900®C,340h  or  1150°C,170h  and  quenched. 

BINARY  SYSTEMS 

The  phase  diagram  for  the  system  Fe-Si  given  in  [86Mas]  is  based 
on  [80Sch]  .However, according  to  more  recent  data  [89Hil)  no  »2-Fe3Si(h) 
exists  (fig. 24.1) .The  phase  diagram  for  the  system  Fe-N  is  given  in 
[86Mas).No  phase  diagram  for  the  system  Si-N  is  reported. si3 occors 
in  two  modifications:  ^-si^  and  /?-Si3l^.  Crystal  structure  data  for 
the  solid  phases  are  listed  in  tab. 24.1. The  solubility  of  nitrogen 
in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  Fe-Si-N  (tab. 24.1) .Two  isothermal 
sections  are  reported  [87Wei]:  In  the  absence  of  external  nitrogen 
partial  pressure  Si3l^  is  found  to  coexist  at  900°C  with  all  binary 
sllicides  stable  at  this  temperature  and  witha-Fe  (fig. 24. 2)  .At 
1150®c  Sj^H4  coexists  with  all  stable  binary  silicides  but  is  decom¬ 
posed  by  iron  forming  a -Fe  containing  a  7  ±  1  at*  Si  in  solid  solution 
(fig. 24. 3) .Under  pure  argon  the  onset  of  this  decomposition  reaction 
is  observed  at  1120  ±  10°C  [87Wei].This  agrees  with  earlier, just 
qualitative  observations  (57Gle](66Mue)[66Yas][67Cal)(69Fel][76Mat J 
and  is  consistent  with  ( 7 SSle]. Lattice  parameters  of  neither  iron 
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sillcide  coexisting  with  Sia  1^  or  N^  gas  are  altered  with  respect  to 
the  values  of  the  pure  binary  alloys  indicating  virtual  insolubility 
of  nitrogen  in  iron  silicides.The  solid  solution  of  6  at%  Si  in  -re, 
heat  treated  in  a  nitrogen  atmosphere  (95%  IJ,5%  #^otal :  10s  Pa), 

dissolves  2  x  io~‘at%  nitrogen  at  900°C  and  1.3  x  10_<*  at%  nitrogen 
at  1150°c  resp. [63Pea] . 

MISCELLANEOUS 

Joining  of  Sl^N^  to  steel  by  hot  pressing  resulted  in  excellent 
bonding  due  to  the  formation  of  iron  sllicides  in  the  interface. 
However, due  to  theraal  expansion  nlsaatch  low  tensile  strength 
(failure  in  the  Sial^)  resulted  [88Sug].Thus  additional  interlayers 
of  other  netals  are  preferred. 

Iron  is  often  used  as  addition  in  silicon  to  aid  nitridation  by 
pronoting  the  fornation  of  liquid  phase  at. tenperatures  far  below  the 
welting  point  of  pure  Si  [8lMuk] [81Shi] .The  reaction  products  found 
are  Sl^N^  and  iron  silicides  [75Lei][85Bou],which  however  are  recog¬ 
nized  to  be  the  primary  cause  of  strength  degradation  in  hot  pressed 
silicon  nitride  [85Her]. 

Wetting  angles  under  vacuua  between  Si^H  and  Fe2  si^  as  well  as 
Fesi  are  reported  to  be  & «  66°  (at  1450°C)  and©=  76°  (at  1500°c) 
respectively  [73Cha]. 

Tennenhouse  et  al.  [85Ten]  investigated  the  interaction  of  Sial^ 
cutting  tools  with  iron  and  iron  based  alloys  in  air. They  conclude 
that  the  low  aelting  phase  forned  during  aachining  is  an  oxide  phase 
and  does  not  occur  in  the  ternary  Fe-8i-N. 
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Table  24.1:  Solid  phases  in  the  system  Fe  -  81  -  H 


Phase  / 

Pearson  Syabol/ 

Lattice 

Consents 

Temperature 

space  group  / 

Paraneters 

Range  (°C) 

Prototype 

(pe) 

*-Fe(r) 

cZ2 

as  286.65 

[85V11]; powder  pattern: 

T<911 

Inin 

A STM  file  card  #  6-696 

w  (A2) 

j'-Fe(h) 

cF4 

as  366.60 

[85V11]; powder  pattern: 

911<T<1392 

Fm3m 

ASTM  file  card  #  31-619 

Cu  (Al) 

Fe,Si 

CF16 

a=  560.8 

[85V11]; powder  pattern: 

Fm3m 

BiF,  (DQ,  ) 

ASTM  file  card  #  11-616 

F^Si 

hP6 

as  405.2 

[85V11 ] ; 

T>1044 

P3ml 

c=  508.55 

F^Sia 

hP16 

a=  675.52 

[ 85V11 1 ; powder  pattern : 

825<T<1056 

P^/mcm 

HR.S1,  (D^) 

cs  471.74 

ASTM  file  card  «  38-438 

FeSi 

CP8 

a=  448.91 

[85V11]; powder  pattern: 

P^3 

FeSi  (B20) 

ASTM  file  card  #  38-1397 

Fes^tr) 

OC48 

as  986.3 

[85V11]; powder  pattern: 

T<986 

Qsca 

b=  779.1 

ASTM  file  card  «  20-532 

cs  783.3 

FeSlj  (h) 

tP3 

as  269.5 

[85V11]; powder  pattern: 

(Fe3Si5) 

P4/MW 

cs  509.0 

ASTM  file  card  #  22-1113 

T>955 

35-822 

Fe4H 

CP5 

as  379.70 

[85V11]; powder  pattern: 

T<680 

Pm5m 

Fe4M  (L  *1) 

ASTM  file  card  #  6-627 

C  -F^N 

hP3 

as  270.5 

[85Vll]powder  pattern: 

T<500 

pyw 

cs  437.6 

ASTM  file  card  *  1-1236 

F^M  (L'3) 

3-925 
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Tab. 24.1  cont. 


Si 

CF8 

FdSia 

a=  542.86 

[85V11); powder  pattern: 
ASTM  file  card  I  5-565 

C  <A4) 

hP28 

P31c 

as  781.8 

C=  559.1 

[85V11]; powder  pattern: 

ASTM  file  card  #  9-250 

hP14 

P6,/« 

as  760.8 

cs  291.1 

[ 8 SVil]; powder  pattern: 
ASTM  file  card  «  29-1132 

33-1160 

Fig  .24.2:  Iiothenal  section  observed  in  the  systen  Fe  -  si  -  N 
at  900°C  (in  the  absence  of  external  nitrogen  pressure) 


Fig. 24. 3:  Xsotheraal  section  observed  in  the  systes  Fe  -  Si  -  M 

at  1150°c  (in  the  absence  of  external  nitrogen  pressure) 


SYSTEM  RUTHENIUM  -  SILICON  -  NITROGEN  (Ru-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Ru-Si-N  at  1000°C  and  1250eC  were  determined 
by  x-ray  analysis  [88tfei] .The  alloys  investigated  were  prepared 
using  powders  of  S^N4  (mixture  of  a-Siji^  and  /i-Si3 1^,58  at*  Si, 
from  Alpha  Div.,Ventron  Corp. , USA) , silicon  (purity:  3N, froa  Alpha 
Dlv.,Ventron  Corp., USA)  and  rutbeniini  (purity:  3N; fro*  Engelhard  Ind. 
Oiv. ,USA) .Mixtures  of  these  powders  and/or  of  powdered  master  alloys 
made  thereof  by  arc  melting  were  cold  pressed  and  annealed  in 
evacuated  quartz  tubes  lined  with  Mo  foil  at  1000°C  (170h)  and  1100°C 
(up  to  500h)  foiled  by  water  quench. Heat  treatments  at  higher  tempe¬ 
ratures  (up  to  1330°C, 72h)  were  conducted  in  alumina  crucibles  placed 
in  an  rf-furnace  under  10s Pa  high  purity  (5N)  argon. Gas  quenching 
after  rf-treatment  can  be  considered  moderate  only. 

BINARY  SYSTEMS 

The  phase  diagram  for  the  binary  system  Ru-Si  (fig. 25.1)  was 
redetermined  by  [88Wei].No  phase  diagrams  for  the  systems  Ru-Si  or 
Si-N  rasp,  are  reported. Si^N^  occurs  in  two  modifications:  ^-Si3H 
and  /7-SJjN^  .Crystal  structure  data  for  the  solid  phases  are  listed 
in  tab. 25.1.  The  solubility  of  nitrogen  in  silicon  as  well  as  in 
ruthenium  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  Ru-Si-N  (tab. 25.1) .Two  isothermal 
sections  are  reported  [88Wei]:  in  the  absence  of  external  nitrogen 
partial  pressure  Sl^N^  is  found  to  coexist  at  1000°c  with  all  binary 
silicides  stable  at  this  temperature  and  with  Ru  (flg.25.2) .At 
1250°c  SljN^  coexists  with  Ru^  Si^  and  RuSl  but  is  decomposed  by 
by  alloys  more  rich  in  ruthenium  (fig. 2 5. 3) .under  pure  argon  the 
onset  of  this  decomposition  reaction  is  observed  at  1210  ±  10°C 
[SSWei]. Lattice  parameters  of  neither  ruthenium  silicide  coexisting 
with  81)1^  or  Nx  gas  are  altered  with  respect  to  the  values  of  the 
pure  binary  alloys  indicating  virtual  insolubility  of  nitrogen  in 
ruthenium  silicides. 
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Fig. 25.1:  Phase  diagraa  of  the  boundary  system  Ru  -  Si 
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Table  25.1:  Solid  phases  in  the  system  Ru  -  Si  -  N 


Phase  / 
Temperature 

Range  (°C) 

Pearson  symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(pm) 

Comments 

Ru 

hP2 

a=  270.0 

[85Vil]; powder  pattern: 

F6,/mmc 

C=  427.5 

ASTM  file  card  #  6-663 

W  (A2) 

Rl^Si 

oP12 

a=  527.9 

[85V11]; powder  pattern: 

1255<T<1505 

Pnma 

b=  400.5 

ASTM  file  card  #  14-334 

CQjSi  (C23) 

C=  741.8 

^s±3 

OP16 

as  524.6 

[85Vil ) ; 

1330<T<1550 

Pbam 

b=  981.5 

Rll,oe, 

C=  402.3 

Ru^Si3 

OP28 

as  519.36 

[85Vil ] ; 

Pnma 

b=  402.16 

Rh4Sia 

C=  1734.3 

RuSi 

cP2 

as  290.9 

[85VilJ; powder  pattern: 

(Ru  rich) 

Pmiin 

ASTM  file  card  #  10-213 

CSCl  (Bl) 

RuSi 

CP8 

as  470.3 

[85Vil]; powder  pattern: 

(Ru  poor) 

P^3 

astm  file  card  «  18-1140 

FeSi  (B20) 

tP80 

as  1107.5 

[85V11]; powder  pattern: 

P4c2 

C=  895.4 

ASTM  file  card  #  32-978 

R^sn, 

si 

cF8 

as  542.86 

[ 8 5Vil]; powder  pattern: 

Fdfm 

ASTM  file  card  «  5-565 

C  (A4) 

“-•V. 

hP28 

as  781.8 

[85V11]; powder  pattern: 

P31c 

cs  559.1 

ASTM  file  card  «  9-250 

SV»4 

hP14 

as  760.8 

[85V11]; powder  pattern: 

P6,/m 

cs  291.1 

ASTM  file  card  *  29-1132 

*V*4 

33-1160 
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rig- 25. 2:  Isothermal  sec tic 
at  1000°c  (in  the 


•j  i 
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Fig. 25. 3:  Isothermal  section  observed  in  the  system  Ru  -  si  -  N 
at  1250°c  (under  argon) 
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SYSTEM  COBALT  -  SILICON  -  NITROGEN  (Co-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Co-Si-N  between  1000°c  were  determined  by 
x-ray  analysis  [87Wei].The  alloys  investigated  were  prepared  using 
powders  of  SJ^N^  (mixture  of  a-Sia!^  and  /?-Si3 1^,58  at%  Si  .from 
Alpha  Div.,Ventron  Corp. .USA) .silicon  (purity:  3N,from  Alpha 
Div..Ventron  Corp., USA)  and  cobalt  (purity:  2N8 , impurities 
in  ppm:  Fe<500,Ni<500,Mn<50,Cu<50;  from  Fluka  AG, Switzerland) .Cold 
pressed  mixtures  of  these  powders  and/or  of  powders  of  master  alloys 
made  thereof  were  sealed  in. evacuated  quartz  tubes  lined  with  Mo 
foil, heat  treated  at  1000°C,170h  and  quenched. 

BINARY  SYSTEMS 

The  phase  diagram  for  the  binary  system  Co-Si  in  [86Mas]  is  a 
reproduction  of  [58Han],tbe  Co  rich  section  of  which  needs  to  be 
modified  (fig. 26.1)  according  to  [72Boo]  and  [73Koe].No  phase 
diagrams  are  reported  for  the  systems  Co-N  or  Si-N.None  of  the  cobalt 
nitrides  reported  (tab. 26.1)  is  stable  at  1000°C,p(l^  )£  10"' Pa  [87Wei]. 
SIN  occurs  in  two  modifications:  a-Si.H  and  f?-Si„ N  . 

Crystal  structure  data  for  the  solid  phases  are  listed  in  tab. 26.1. 

The  solubility  of  nitrogen  in  silicon  as  well  as  in  cobalt  is  very 
low  !76Fro). 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  Co-Si-N  (tab. 26.1) .In  the  absence  of 
external  nitrogen  partial  pressure  Sia^  is  found  to  coexist  at  1000°c 
with  all  binary  silicides  stable  at  this  temperature  and  with  -Co 
(fig. 26. 2)  .Under  pure  argon  the  onset  of  the  decomposition  of  Si3NA 
in  contact  with  Co  is  observed  at  ll70°c  [87Wei].This  agrees  with 
earlier, just  qualitative  observations  [66Mue](66Yas]. Lattice  parameters 
of  neither  cobalt  siliclde  coexisting  with  Si^N^  or  Na  gas  are  altered 
with  respect  to  the  values  of  the  pure  binary  alloys  indicating 
virtual  insolubility  of  nitrogen  in  cobalt  silicides. 
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using  the  thermodynamic  data  in  tab. 26. 2  the  nitrogen  pressures 
for  the  invariant  equilibria  occurring  at  1000°C  are  calculated 
(tab. 26. 3) .The  resulting  tie  lines  are  consistent  with  the  observed 
isothermal  sections  (£igs.26.2). 

MISCELLANEOUS 


Wetting  angles  of  the  sllicides  Cosi  and  "Co3Si”  on  Si^  are 
reported  to  be  ©=  62°  and  B=.  40°  resp.  under  vacuum  [73-lCha]. 
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Table  26.1:  Solid  phases  in  the  systea  Co  -  si  -  N 


Phase  / 

Temperature 

Range  (°c) 

Pearson  Syabol/ 
Space  group  / 

Prototype 

Lattice 

Paraaeters 

(pa) 

Coaaents 

oi-Co(h) 

cF4 

as  354.46 

(85VilJ; powder 

pattern: 

T>410 

FR3l 

CU  (Al) 

ASTM  file  card 

«  15-806 

*-Co(r) 

hP2 

as  250.71 

[85Vil]; powder 

pattern: 

T<410 

P6a/nnc 

Mg  (A3) 

cs  406.95 

ASTM  file  card 

#  5-727 

Co,si(h) 

1193<T<1214 

t** 

as  842 

c=  581 

[85Vil 1 ; 

Cc^Si(r) 

oP12 

as  491.8 

[85V11]; powder 

pattern : 

T<1238 

Cc^si(h) 

T>1238 

Pnna 

Co2Si  (C23) 

b=  373.8 

cs  710.9 

ASTM  file  card 

#  4-847 

Cosi 

CP8 

P^3 

FeSi  (B20) 

as  444.26 

[85V11] ; powder 

ASTM  file  card 

pattern: 

#  8-362 

COS^ 

CF12 

Fa3a 

CaF2  (Cl) 

as  536.5 

[85V11]; powder 

ASTM  file  card 

pattern: 

#  8-344 

38-1449 

CC^H 

a=  373.8 

(85V11 ] 

C^N 

hP* 

a=  274.6 

cs  432.2 

[85V11]; powder 

ASTM  file  card 

pattern : 

«  6-691 

Cc^N 

OP6 

as  460.56 

[85V11]; powder 

pattern : 

Pan* 

F^C 

bs  434.43 

cs  285.35 

ASTM  file  card 

«  6-647 
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Tab. 26.1  continued 


Si 

CF8 

a=  542.86 

[85V11); powder  pattern: 

Fd3n 

ASTM  file  card  «  5-565 

C  (A4) 

o.  -S4N, 

hP28 

a=  781.8 

[85V11 ]; powder  pattern: 

P31C 

C-  559.1 

ASTM  file  card  »  9-250 

hP14 

a=  760.8 

[85Vil]; powder  pattern: 

P6,/m 

C=  291.1 

ASTM  file  card  #  29-1132 

»4 

33-1160 

Tab. 26. 2:  Thermochemical  data  for  the  solid  phases  in  Co  -  Si  -  H 


phase  [j/gramatom]  Comment 


.1429  syi^ 
.3333  CoSj^ 
.5000  CoSi 
.3333  C<^Si(r) 
.2500  Cc^Si 


-124602  +  57.95  T 
-32900  1.2  T 

-47500  -  3.1  T 
-37700  -  0.0  T 

AHfP*=  -28450 

« 


[76Fro J 

[73-2ChaJ 

[73-2Cha] 

[73-2Cha] 

[84Pas] 


l 


154 


Tab. 26. 3:  Calculated  invariant  equilibria  in  Co  -  si  -  N  at  1000°C 


P(l^)  (Pa) 

5  k  io'* 

14  k  io' * 

29.3 


Reaction 

81,1^  >  3  Si  4  2  N, 

+  6  CCj5S  i,  =  9  CO  ,„Si  ^  42H, 

SV*  *  9  =  12  ®>,S±.  +  2  N2 

+  12.275  £-Co(a.s.l7at%  Si)  = 

15.275  Co  ^Si .  2  H, 

8^  ♦  264  a-Co(S.S.llat%  Si)  = 

267  £-Co(8.S.12at%  Si)  +  2 
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SYSTEM  RHODIUM  -  SILICON  -  NITROGEN  (Rh-Si-M) 


INTRODUCTION/EXPERIMENTAL 

An  isothermal  section  is  derived  for  1250°C.Two  ternary  alloys 
were  prepared  using  powders  of  S^NA  (Mixture  of  <a-siai£  and  f*-Si3  H  , 

58  at%  si), silicon  ( purity : 3N ), both  fron  Alpha  Div.,Ventron  Corp.,USA 
and  rhodlun  (purity :3N;  fron  Degussa, ERG) .Cold  pressed  mixtures  of 
these  powders  and/or  of  powders  of  master  alloys  made  thereof  were  heat 
treated  at  1250°C,72h  in  alumina  crucibles  placed  in  an  rf-furnace 
under  lOPa  high  purity  (5N)  argon. Gas  quenching  after  rf-treataent 
can  be  considered  moderate  only. 

BINARY  SYSTEMS 

The  phase  diagram  for  the  system  Rh-Si  due  to  [85Sch]  is  reproduced 
in  [76Mof] .Structural  data  for  the  intermediate  phases  are  listed  in 
tab. 27.1. No  phase  diagrams  are  reported  for  the  systems  Rh-N  os  si-N. 
SljN^  occurs  in  two  modifications:  »-Sial^  and /?-Sia  1^  .Crystal  struc¬ 
ture  data  for  the  solid  phases  are  listed  in  tab. 27.1.  The  solubility 
of  nitrogen  in  silicon  as  well  as  rhodium  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Rh-Sl-N  (tab. 27.1) .At  1250®c  three 
rhodium  silicides  are  stable  (fig. 27.1) .Under  argon  s^  N^  is  found  to 
coexist  at  this  temperature  with  RhSi  but  not  with  R)^Sia  ,Rh^  Si  or 
rhodium  (fig. 27. 2) .In  accordance  with  the  rather  moderate  quenching 
rate  RhSi(x)  rather  than  RhSi(h)  is  observed. 

REFERENCES 

(76Fro)  E. Fromm  and  E.Gebhardt,"Gase  und  Kohlenstoff  in  Metallen" 

( Springer , Bar 1 in , 1 97 6 ) 

[76Mof]  G.Moffatt, "The  Handbook  of  Binary  Phase  Diagrams'', (General 
Electric  Comp. , NY. , Schenectady, 1976  and  updates) 

[S5Sch]  L.Schellenberg, J. Jorda  and  J. Muller, "The  Rhodium-Silicon 
Phase  Diagran",j.Less  cowon  Met .109  (1985)  261-274 
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Tab. 27.1:  Solid  phases  in  the  system  Rh  -  Si  -  N 


Phase  / 
Temperature 

Range  (°C) 

Pearson  Symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(P«) 

Comments 

Rh 

CF4 

as  380.34 

[85Vil ] ; powder  pattern: 

Fn$m 

A STM  file  card  «  5-685 

CU  (Al) 

Rl^Si 

oP12 

as  540.8 

( 8 5Vil); powder  pattern: 

Pnna 

b=  393 

ASTM  file  card  *  37-1316 

Cc^Si  (C23) 

C=  738.3 

**** 

0PI6 

a=  531.7 

[85V11]; powder  pattern: 

Pban 

b=  1013.1 

ASTM  file  card  «  37-1317 

Rh.ce, 

C=  389.5 

toio8iu 

hP34 

a=  1185.1 

[85V11] ; powder  pattern: 

1050<T<1225 

P^/u 

C=  362.3 

ASTM  file  card  #  37-1318 

Rh,Sia 

hP6 

a=  394.2 

( 85Vil 1 ; powder  pattern : 

T<820 

P^/unc 

C—  504.7 

given  in  [85Sch] 

InHi,  (B8,) 

■ 

RhSi(h) 

cP8 

as  467.4 

[85Vil] 

T>1030 

P2t3 

(Rh  rich' 

PeSi  (B20) 

RhSi(x) 

■P* 

as  458.8 

aartens. transf .  RhSi(h) 

P^/C 

b=  456.8 

[85Sch]; powder  pattern: 

c=  553.6 

ASTM  file  card  #  38-999 

ft*  115.92 

RhSi(r) 

0P8 

as  553.1 

[85Vil]; powder  pattern: 

T<1080 

Pnna 

b=  306.3 

ASTM  file  card  «  35-1075 

(Si  rich) 

MnP  (B31) 

cs  636.2 

“>.*1, 

■PI  8 

as  1233.5 

[85V11]; powder  pattern: 

P2,/m 

b=  350.8 

ASTM  file  card  #  35-1076 

***** 

cs  592.4 

ft s  100.18 

OP  2  8 

as  1881.0 

[85Vil); powder  pattern: 

Pnaa 

b=  361.4 

ASTM  file  card  #  35-1077 

***** 

cs  581.3 
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Tab. 27.1  continued 


81 

CF8 

as  542.86 

[85V111; powder  pattern: 

FdJn 

ASTtf  file  card  *  5-565 

c  (A4) 

oc-S^ 

hP28 

as  781.8 

[ 8 5V11J; powder  pattern: 

P31c 

c=  559.1 

ASTM  file  card  I  9-250 

to 

** 

hP14 

as  760.8 

[ 8 5VilJ; powder  pattern: 

P6,/n 

c=  291.1 

ASTM  file  card  *  29-1132 

SV»4 

33-1160 

SYSTEM  NICKEL  -  SILICON  -  NITROGEN  (Ni-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

Phase  equilibria  of  Ni-Si-N  at  900°C  were  determined  by  x-ray 
analysis  [87Wei].The  alloys  investigated  were  prepared  using  powders 
of  Si»N4  (mixture  of  a-sial^  and  f?-Sial^,58  at%  Si), silicon  (purity: 
3N)  and  nickel  (purity:  3N)  all  from  Alpha  Div.,Ventron  Corp.,USA. 
Cold  pressed  mixtures  of  these  powders  and/or  of  powders  of  master 
alloys  made  thereof  were  sealed  in  evacuated  quartz  tubes  lined  with 
Mo  foil, heat  treated  at  900°C,340h  and  quenched. 

BINARY  SYSTEMS 

The  phase  diagrams  for  the  binary  systems  Ni-Si  as  well  as  Ni-N 
are  given  in  [86Mas].The  system  Ni-Si  was  thermodynamically  modelled 
[86Mey], [87Mey] .No  phase  diagram  for  the  system  Si-N  is  reported. 

S^  occurs  in  two  modifications:  «-Si3^  and  tf-si3  N4  .Crystal  struc¬ 
ture  data  for  the  solid  phases  are  listed  in  tab. 28.1.  The  solubility 
of  nitrogen  in  silicon  as  well  as  nickel  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  exists  in  Ni-Si-N  (tab. 28.1) .In  the  absence  of 
external  nitrogen  partial  pressure  S^N^  is  found  to  coexist  at 
900°C  with  all  binary  silicides  stable  at  this  temperature  and  with 
N1  (fig. 28.1) .under  pure  argon  the  onset  of  the  decomposition  of 
SJ^N^  by  nickel  is  observed  at  1170  ±  10°c  [87Wei).This  agrees  with 
earlier, just  qualitative  observations  [66Mue][66Yas][69Fel][79Ben] 
and  is  consistent  with  (89Bri] .Lattice  parameters  of  neither  nickel 
silicide  coexisting  with  Sial^  or  Na  gas  are  altered  with  respect  to 
the  values  of  the  pure  binary  alloys  indicating  virtual  insolubility 
of  nitrogen  in  nickel  silicides. 

Using  the  thermodynamic  data  in  tab. 28. 2  the  nitrogen  pressures 
for  the  invariant  equilibria  occurring  at  900°c  are  calculated 
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(tab. 28. 3) .The  resulting  tie  lines  are  consistent  with  the  observed 
isothermal  section  (figs. 28.1) 


MISCELLANEOUS 


The  wetting  angle  under  vacuun  between  Sig  N^  and  Ni28i  is  reported 
to  be  &=  108°  (at  1450®C) [73ChaJ . 
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Table  28.1:  Solid  phases  in  the  systen  Hi  -  Si  -  N 


Phase  / 

Temperature 

Range  (®c) 

Pearson  Symbol/ 

Space  group  / 

Prototype 

Lattice 

Parameters 

(pm) 

Comments 

Hi 

cF4 

a=  352.32 

[85Vil]; powder  pattern: 

Fm3m 

ASTM  file  card  «  4-850 

Cu  (Al) 

HljSKr) 

cP4 

a=  350.4 

[ 85Vil ] ; powder  pattern: 

(MiapSip) 

Pm3m 

given  in  [390sa] 

T<1031 

Cu,Au  (LI,  ) 

H^Si(h) 

CP2 

a=  280.8 

[85V11] ; 

1114<T<1164 

Pm3m 

HiaSi(h) 

hP* 

a=  669.8 

cited  as  Hi^Sl^in  (85Vi3 

C=  2885.5 

powder  pattern:  in  [79E11 

987<T<1114 

wi31si12 

hP43 

a=  667.1 

[ 8 5Vil]; powder  pattern: 

(Ni^si,) 

P321 

c—  1228.8 

ASTM  file  card  #  17-222 

24-524 

HljSi(r) 

OP12 

a=  500 

[85V11]; powder  pattern: 

T<1217 

Pnma 

b=  373 

ASTM  file  card  #  3-943 

Co,  Si  (C23) 

c=  704 

H^Si(h) 

hP6 

a=  380.5 

[85Vil]; powder  pattern: 

(HiaSiz(h)) 

P6,/m 

c=  489.0 

ASTM  file  card  #3-1069 

T>806 

Hi,  S4(r) 

OC80 

as  1222.9 

[85V11]; powder  pattern: 

T<843 

Cmc2i 

b=  1080.5 

ASTM  file  card  #  17-881 

H^Si, 

Cs  692.4 

HiSi 

0P8 

a=  518 

[85Vil]; powder  pattern: 

Pnma 

b=  334 

ASTM  file  card  #  38-844 

MnP  (B31 ) 

C=  562 

HiSlj 

cF12 

a=  540.6 

[ 85V11 J; powder  pattern: 

Fm3m 

given  in  I390sa] 

Ca^  (Cl) 
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Tab. 28.1  continued 


mi4n 

cP5 

Pn3n 

Fe4N  (L'l) 

a=  374.0 

[85V11]; powder  pattern: 
ASTM  file  card  #  36-1300 

Ml  N 

t** 

a=  372 

C=  728 

[85V11]; powder  pattern: 

given  in  [83Dor] 

NJ^H 

hP* 

a=  460.7 

[85V11J; powder  pattern: 

T<400  in  ^ 

P6a22  or  P312 

c=  430.4 

astm  file  card  #  10-280 

Si 

cF8 

Fd3in 

C  ( A4 ) 

a=  542.86 

[ 8  5 Vil ] ; powder  pattern : 

ASTM  file  card  #  5-565 

*  ”SJaN. 

hP28 

a=  781.8 

[85V11 ]; powder  pattern: 

P31c 

S1>»4 

C=  559.1 

ASTM  file  card  #  9-250 

hP14 

a=  760.8 

[85Vil]; powder  pattern: 

P6,/« 

Si,«. 

C—  291.1 

ASTM  file  card  #  29-1132 

33-1160 
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Tab. 28. 2:  Theraocheaical  data  for  the  solid  phases  in  Mi  -  Si  -  H 

phase  Ag®  [J/ gram a tom]  couent 

.1429  S^H,  -124602  4  57.95  T  [76Fro] 

.3333  NiS^(r)  -36159.2  4154.02  T  -25.02  T  InT  -.00185  +180498/T  [86Mey] 

.5000  NiSi  -42442.1  4145.95  T  -24.38  T  InT  -.00153  +162967/T  [86Mey] 

.2000  H^Sljtr) -45996.1  -1-146.93  T  -24.55  T  InT  -.00222  T2  4116002/T  [87Mey] 

.3333  N^Si(h)  -45666.1  4146.28  T  -24.71  T  InT  -.00292  **  +  69036/T  [86Mey] 

for  j^v=0.4:  -81000  (at  1173K)  (estimated  froa  plot  ag^11,3vs.  j^v  ) 

.3333  N^Si(r)  -47668.2  -(-132.10  T  -22.19  T  InT  -.00486  +  69036/T  [87Mey] 

.1429  NtSi,  -49358.8  4149.68  T  -24.76  T  InT  -.00303  4  60407/T  [86Mey] 

<H£8ii2  > 

.2500  N^Si(h ') -47801 .4  4150.00  T  -24.81  T  InT  -.00313  T*  4  51777/T  [86Mey] 

<Ni*38ip  > 

.2500  N^Si(h)  -42985.5  4146.55  T  -24.81  T  InT  -.00313  T2  4  51777/T  [86Mey] 

.2500  Ni^Si(r)  -49261.6  4151.64  T  -24.81  T  InT  -.00313  T2  4  51777/T  [86Mey] 

(N4pSip  ) 

Ni(s.s.  12at%  Si)  -76000  (at  1173K)  (estiaated  from  plot  ac£123vs.  x*.  ) 

*  «« w 


Tab. 28. 3:  Calculated  invariant  equilibria  in  Ni  -  Si  -  N  at  900°C 


P(N2)  (Pa)  Reaction 


1.15 

*  10"* 

8i,*l 

s 

3  Si  4  2  N2 

16 

■V. 

4 

6  HI  .,81,  .  9  HI  „,S1  ^  ♦  2  H, 

2 

8 Va 

4 

15  Hi  c  Si  4  (h)  =  18  Ni  5Si  5  4  2  N2 

1.6 

•v. 

4 

27  HI  ...(r)  =  30  K.Si.llO  +  2  H, 

77 

4 

36.855  Ni  72tSi  27p  = 

39.855  Ni  ^Si  aaa  (r)  4  2  N2 

6.7 

x  10 

4 

51.216  Ni  Si  MO  = 

.  701  .  22P 

54.. 219  Ni  _  Si  __  4  2  N. 

.  721  .  27P  3 

9  * 

10* 

SiaH4 

4 

19.564  Ni(s.s.l2at%Si)  = 

22  • 564  Ni  ras81  237  +  2  ** 
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SYSTEM  COPPER  -  SILICON  -  NITROGEN  (Cu-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  o£  Cu-Si-N  at  700°C  were  determined  by  x-ray 
analysis  [90Wei].The  8  alloys  investigated  were  prepared  by  annealing  in 
evacuated  quartz  tubes  cold  pressed  powder  mixtures  of  Si,  ^(mixture  of 
«  -SljN^  and  tf-Sial^;58  at%  Si;  from  Alpha  Dlv.,Ventron  Corp.,USA)  and 
Cu  or  arc  melted  Cu-Si  alloys  resp.(Cu  powder, 3N, from  E. Merck  a.g.,FRG; 
Cu  rods, 5N+, from  Ventron  GmbH, FRG;  Si  powder, m4N, from  Fluka  AG,Buchs, 
Switzerland) . 

BINARY  SYSTEMS 


The  phase  diagram  for  the  system  Cu-Si  is  given  in  [86Mas].No  phase 
diagrams  exist  in  the  literature  for  Cu-N  and  Si-N.In  the  system  Cu-N 
three  intermediate  phases  are  reported  to  exist:  The  most  stable  of 
these, Ci^N  (tab. 29.1),  decomposes  around/above  310°C  (in  hydrogen 
atmosphere)  l84Bai].Two  azides, CuNa  and  CuNtf,were  systhesized  at  room 
temperature  [48W11] , [68Soe] .silicon  nitride  exists  in  two  modifications: 
a-Si^  and  ^-SiaN4  (tab. 29.1)  .The  solubility  of  nitrogen  in  copper 
as  well  as  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Cu-Si-N  at  700°c  (tab. 29.1). 

Fig. 29.1  shows  the  isothermal  section  at  700°C  in  the  absence  of 
external  nitrogen  pressure. Cu  as  well  as  all  binary  Cu-silicides 
stable  at  700°C  coexist  with  SiaN4  .This  is  in  agreement  with  earlier 
data  [69Fel], [75Lei] .Lattice  parameter  measurements  indicate 
insolubility  of  nitrogen  in  Cu  or  any  of  the  Cu  silicides  nor  of  Cu 
in  SijN^  . 

MISCELLANEOUS 

Liquid  copper  does  not  wet  Si^  (  8s  144±10°  under  vacuum  [66Yas], 
[66Mue] , [87Nak] , [Lju] , [Tom] ) . 


166 


REFERENCES 

[48Wil]  H. Wilsdorf , "The  Crystal  Structure  of  the  Monovalent  Copper 
Azide  Ci^N  ",Acta.Cryst.l  (1948)  115-118 

[66Mue]  K.Mtlller  and  H.Rebsch, "Silicon  Nitride  -  Corrosion  Resistant 

and  Stable  Against  Aluminium" .Silikattechnik  17  (1986)  279-282 

[€6Tas]  G.A.Yasinskaya, "The  Wetting  of  Refractory  carbides, Borides 
and  Nitrides  by  Molten  Metals", Porosh. Met. (7) (1966)  53-56 

[68soe]  R.Sdderguist, "Studies  on  Explosives. I. The  crystal  Structure 
of  Copper(Xl)Azide,Catena-diazido  copper(Il) " ,Acta.Cryst. 

24B  (1968)  450-455 

[69Fel ]  H.Feld.E.Gugel  and  H.G.Nitzsche, "Silicon  Nitride  -  A  corrosion 
Resistant  High  Temperature  Material", Werkstoffe  und  Korrosion 
20  (1969)  571-574 

(75Lei]  G.Lelner  and  E.Gugel, "Infiltration  Composites  Based  on  Silicon 
Nitride" , Z .Metallk. 66  (1975)  570-576 

[76Fro]  E. Fromm  and  E.Gebhardt, "Gase  und  Kohlenstoff  in  Metallen" 
(Springer , Berlin, FRG, 1976) 

[84Bai]  A.Baiker  und  M.Maciejewski , "Formation  and  Thermal  stability 
of  copper  and  Nickel  Nitrides", J.chem.Soc. Faraday  Trans. I 
80  (1984)  2331-2341 

[85V11]  P.villars  and  L.D. Calvert, "Pearsons  Handbook  of  crystallographic 
Data  for  Xntermetallic  Phases "(Amer.Soc. Met. , Metals  Park, OH  , 
1985) 

[86Mas]  T.B.Massalski  (ed. ), "Binary  Alloy  Phase  Diagrams"  (Amer.Soc. 
Met., Metals  Park, OH. , 1986) 

[87Nak]  M . Naka , M . Kubo  and  X .Okamoto, "Wettability  of  Silicon  Nitride 

by  Aluminium, Copper  and  Silver" ,J. Mater. Sci. Let. 6  (1987)  965-966 

[89Lju]  L.Ljungberg  and  R. Warren, "Wetting  of  Silicon  Nitride  with 
Reactive  Metals  and  Alloys", Ceram. Eng. Sci. Proc.  10  (1989) 
1655-1666 

[69Tom]  A. P . Tomsia , J . A . Pask, R . EW . Loemann , "Joining  of  Nitride  Ceramics", 
Ceram. Eng. Sci. Proc .10  (1989)  1631-1654 

[90Wel]  F.Weitzer.K.Remschnig, J.C. Schuster  and  P.Rogl, "Phase  Equili¬ 
bria  and  Structural  Chemistry  in  the  Ternary  Systems  M-Si-N 
and  M-B-N  (M=  Al ,  Cu ,  Zn ,  Ag ,  Cd ,  In ,  Sn ,  Sb ,  Au ,  Tl ,  Pb ,  Bi )  "  ,  J .  Mater . 

Sci. 5  (1990)  2152-2159 


169 


Table  29.1:  Solid  phases  in  the  system  Cu  -  Si  -  N 


Phase  / 

Pearson  symbol/ 

Lattice 

Coaaents 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

(pa) 

Cu 

CF4 

a«  361.48 

[85V11] /powder  pattern: 

Fm3m 

ASTM  file  card  #  4-836 

CU  (Al) 

*-Cu_,  Si 

hP2 

a=  255.99 

[85Vil];  at  12  at%  Si 

552<T<842 

P6a  /mac 

Mg  (A3) 

C=  418.49 

/?-CUtfSi(h) 

cl2 

a=  285.4 

[85V11 1 

T>785 

Ia3m 

w  (A2) 

y-Cussi(r) 

CP20 

a=  622.3 

[85Vil ] /powder  pattern: 

T<729 

P4i32 
ftun  (A13 ) 

ASTM  file  card  #  4-841 

<5-CuaSi(h) 

t** 

a=  881.5 

[85Vil ] 

(cut7Sia) 

C=  790.3 

T>710 

*-CuisSi4  (r) 

CI76 

a=  971.4 

[85Vil] /powder  pattern: 

T<800 

I43d 

ASTM  file  card  #  23-222 

n-cuaSi(h) 

Cu15si4 

hP72 

a=  704.5 

l 85V11 ) 

558<T<859 

c=  2195.0 

*HCUa  81(h) 

hR* 

a=  2540 

[85Vil ] 

R3 

c=  4420 

n"Ou3Si(r) 

t»* 

a=  726.7 

[ 8 SVil ] /powder  pattern: 

C=  789.2 

ASTM  file  card  #  23-224 

CU,  N 

CP4 

a=  381.3 

(85VilJ; powder  pattern: 

Pa  3  m 

ASTM  file  card  #  2-1156 

Re<^  ( D0p  ) 
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Tab. 29.1  contlnuad 


CUN, 

tI32 

a= 

I4t/a 

c* 

Cun 

o 

OP28 

a= 

Pnna 

b= 

c= 

Si 

cF8 

Fd3m 

C  (A4) 

as 

«-Si,N4 

hP28 

as 

P31c 

Si,N4 

c= 

/7-Si,N4 

hP14 

a= 

P6a/m 

Si,N4 

c= 

365.3 

[85V11]; powder 

pattern: 

559.4 

ASTM  file  card 

*  4-622 

1348.1 

[85V11]; powder 

pattern : 

308.4 

907.6 

ASTM  file  card 

«  21-281 

542.86 

[85Vil]; powder 

ASTM  file  card 

pattern : 

#  5-565 

781.8 

t 8 5Vil]; powder 

pattern: 

559.1 

ASTM  file  card 

#  9-250 

760.8 

[85V11J; powder 

pattern: 

291.1 

ASTM  file  card 

#  29-1132 

33-1160 

171 


SYSTEM  SILVER  -  SILICON  -  NITROGEN  (Ag-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  Ag-Si-N  at  700°c  and  900°c  were  determined 
by  x-ray  analysis  [90Wei].The  alloys  Investigated  were  prepared  by 
annealing  in  evacuated  quartz  tubes  cold  pressed  powder  mixtures  of 
Sj^N^  (mixture  of  o»-Sia!^  and  /?-Sif  1^,58  at%  Si; from  Alpha  Div., 

Ventron  Corp.,USA)  and  high  purity  ("puriss")  Ag. 

BINARY  SYSTEMS 

The  equilibrium  diagram  for  the  simple  eutectic  (845°c,10  at%Si) 
system  Ag-Si  is  given  in  [86Mas ]. Structural  data  of  two  metastable 
Ag-silicldes  are  listed  in  [85Vil].No  phase  diagram  exists  in  the 
literature  for  the  systems  Ag-N  and  Si-N.ln  the  system  Ag-N  two 
Intermediate  phases  are  reported  (tab. 30.1) .Neither  phase  is  stable 
at  700°c  or  higher  temperatures . Silicon  nitride  exists  in  two 
modifications  c^-si^N,  and  /?-Si3l^  ( tab. 30 . 1 )  .The  solubility  of 
nitrogen  in  silver  as  well  as  in  silicon  is  very  low  [76Fro], 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Ag-Si-N  at  700°C  or  900°C  (tab. 30.1). 
Fig. 30.1  shows  the  Isothermal  section  at  900°C  :Ag  coexists  with  Si^ 
in  equilibrium  confirming  earlier  data  [66Mue] .Lattice  parameter 
measurements  indicate  mutual  insolubility  of  Ag  and  Si,t^. 


MISCELLANEOUS 

Liquid  silver  does  not  wet  Si,^  [69Fel]  (  0  =  145±10°  under  vacuum 
[66Mue] , [87Nak] , [89Lju] . 
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Table  30.1:  Solid  phases  in  the  system  Ag  -  Si  -  N 


Phase  / 

Temperature 
Range  (°C) 

Pearson  symbol/ 
Space  group  / 
Prototype 

Lattice 

Parameters 

(pm) 

Comments 

Ag 

CF4 

Fm3m 

Cu  (Al) 

a=  408.53 

(85Vil]; powder 

ASTM  file  card 

pattern : 

#  4-783 

Ag,N 

CF* 

a=  437.8 

[85Vil ] 

AgH3 

ol* 

a=  561.7 

b=  591.46 

C=  600.57 

[85Vill; powder 

ASTM  file  card 

pattern : 

#  3-906 

Si 

cF8 

Fd3m 

C  ( A4 ) 

a=  542.86 

[85Vil] ; powder 

ASTM  file  card 

pattern: 

#  5-565 

^Si3N^ 

hP28 

a=  781.8 

[85Vil ) ; powder 

pattern: 

P31c 

slaN. 

c=  559.1 

ASTM  file  card 

#  9-250 

/7-SiJN<t 

hP14 

a=  760.8 

[85Vil 1 ; powder 

pattern: 

P63  /m 

Si.N^ 

C=  291.1 

ASTM  file  card 

#  29-1132 

33-1160 
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SYSTEM  GOLD  -  SILICON  -  NITROGEN  (Au-Sl-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  Au-Si-N  at  900°c  were  deterained  by  x-ray 
analysis  [90Wei].The  alloys  investigated  were  prepared  by  annealing 
in  evacuated  quartz  tubes  cold  pressed  powder  mixtures  of  Si^N4 
(mixture  ofa-Si^N^  and  /?-Sial^;58  at%  Si; from  Alpha  Div.,Ventron 
corp.,usA)  and  high  purity  ("puriss.")  Au. 

BINARY  SYSTEMS 

The  equilibrium  diagram  for  the  simple  eutectic  (363°c,18.6  at%  si) 
system  Au-Si  is  given  in  [86Mas].The  existence  of  several  metastable 
Au-sllicides  is  reported  (85V11 ] , [81Tsa] .No  phase  diagrams  exist  in 
the  literature  for  the  systems  Au-N  and  Si-N.in  the  System  Au-N  no 
intermediate  phase  is  reported  (840ka J. Silicon  nitride  exists  in  two 
modifications;  a-Sl^  and  /3-Sia»^  ( tab. 31 . 1 )  .The  solubility  of  nitrogen 
in  gold  [840ka]  as  well  as  in  silicon  [76Fro]  is  very  low. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Au-Si-N  at  900°c  ( tab. 31 . 1 ) . Fig. 31 . 1 
shows  the  isothermal  section  at  900°C  :  Confirming  earlier  data  [69Fel] 
Au  and  Si^N^  coexist  in  equilibrium.lt  should  be  noted, however, that 
mechanical  stress  in  thin  films  of  Au  deposited  on  Sial^  can  cause  the 
formation  the  metastable  phase  A\^Si2  (hex. ,a=938.2pm,c=1545.9pm  [8lTsa]; 
powder  pattern;  ASTM  file  card  #  36-938)  upon  the  partial  decomposition 
of  Sia)^  at  low  nitrogen  partial  pressure  [89Ede] .Lattice  parameter 
measurements  indicate  mutual  insolubility  of  Au  and  Si3!^. 

MISCELLANEOUS 

Gold  does  not  wet  silicon  nitride  (@  =  157°)  [89Lju]. 
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Table  31.1:  Solid  phases  at  in  the  system  Au  -  Si  -  N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  group  / 

Parameters 

Range  (°C) 

Prototype 

(pm) 

Au 

CF4 

a=  407.89 

[85Vil] ; powder  pattern: 

Fm3m 

ASTM  file  card  #  4-784 

cu  (Al) 

Si 

cF8 

a=  542.86 

[85Vil]; powder  pattern: 

Fd3m 

ASTM  file  card  #  5-565 

C  ( A4 ) 

e.-Si,H4 

hP28 

a=  781.8 

[85Vil ]; powder  pattern: 

P31c 

c=  559.1 

ASTM  file  card  #  9-250 

hPl4 

a=  760.8 

[ 8  5Vil ] ; powder  pattern : 

P63/m 

C=  291.1 

ASTM  file  card  #  29-1132 

Si3H^ 

33-1160 
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Fig. 31.1:  Isothermal  section  observed  in  the  system  Au  -  Si  -  N 
at  900°C 


N 


j 


i 

i 
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SYSTEM  ZINC-  SILICON  -  NITROGEN  (Zn-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  Zn-Si-N  at  350°c  were  determined  by  x-ray 
analysis  [90Wei].The  alloys  investigated  were  prepared  by  annealing  in 
evacuated  quartz  tubes  cold  pressed  powder  mixtures  of  SiaH^  (mixture 
of  a-si^N^  and  /?-Sial^;58  at%  Si; from  Alpha  Div.,Ventron  Corp.,USA) 
and  Zn  (m3N+, from  Alpha  Div.,Ventron  Corp.,USA). 

BINARY  SYSTEMS 


The  phase  diagram  for  the  simple  eutectic  ( 419. 3°C, 0.045  at%  Si) 
system  Zn-Si  is  given  in  [86Mas].No  Phase  diagrams  exist  in  the 
literature  for  Zn-N  and  si-N.In  the  system  Zn-N  the  phase  Zn^ 

(tab. 32.1)  exists  up  to  700°C  [88Wri].For  the  azide  ZnN^, which 
decomposes  around  300°C  (88Wri],two  structures  are  reported  (tab. 32.1). 
Silicon  nitride  exists  in  two  modifications:  ot-sj^N^  and  ^-Si.,^ 

(tab. 32.1) .The  solubility  of  nitrogen  in  zinc  [88Wri]  as  well  as  in 
silicon  [76Fro]  is  very  low. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Zn-Si-N  at  350°C  (tab. 32.1). 

Fig. 32.1  shows  the  isothermal  section  at  350°C  :  Confirming  earlier 
data  [65Yas J , [69Fel ]  Zn  coexists  with  Sial^  in  equilibrium. Lattice 
parameter  measurements  indicate  mutual  insolubility  of  Zn  and  si^  . 

MISCELLANEOUS 

Liquid  zinc  does  not  wet  Si3N4  (66Mue]. 
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Table  32.1:  Solid  phases  in  the  system  zn  -  Si  -  N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°c) 

Prototype 

(pm) 

zn 

hP2 

a= 

266.46 

[85Vil]; powder 

pattern : 

P6a /mmc 

Mg  (A3) 

c= 

494.61 

ASTM  file  card 

#  4-831 

ZnBH2 

cISO 

as 

976.3 

[ 8 5Vil); powder 

pattern : 

Ia3 

ASTM  file  card 

#  35-762 

a-ZnN 

O 

0,  (D5a  ) 

OP36 

a= 

1098 

[85Vil ] ; powder 

pattern : 

P222t 

b= 

692 

ASTM  file  card 

#  30-1473 

c= 

1633 

* 

/?-ZnN 

© 

0*28 

as 

735 

[88Wri] ; powder 

pattern: 

b= 

437 

ASTM  file  card 

#  23-740 

c- 

1523 

si 

CF8 

as 

542.86 

[85Vil ) ; powder 

pattern: 

Fd3m 

ASTM  file  card 

#  5-565 

C  ( A4 ) 

a-SiaN4 

hP28 

a= 

781.8 

( 85Vil ] ; powder 

pattern: 

P31c 

c= 

559.1 

ASTM  file  card 

#  9-250 

Sl^N. 

hP14 

as 

760.8 

[ 85Vil ] ; powder 

pattern: 

P6a/m 

c= 

291.1 

ASTM  file  card 

#  29-1132 

SiaH4 

33-1160 
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SYSTEM  CADMIUM  -  SILICON  -  NITROGEN  {Cd-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  Cd-Si-N  at  300®c  were  determined  by  x-ray 
analysis  [90Wel].The  alloys  investigated  were  prepared  by  annealing 
in  evacuated  quartz  tubes  cold  pressed  powder  Mixtures  of  si^ 
(Mixture  of  a -Si^  and  /7-Si3^;58  at*  Si; from  Alpha  Div.,Ventron 
Corp.,USA)  and  Cd  (3N,from  Alpha  Div. .ventron  Corp.,uSA). 

BINARY  SYSTEMS 

The  phase  diagram  for  the  simple  eutectic  (320°C, 0.135  at%  Si) 
system  Cd-Si  is  given  in  [86Mas].No  phase  diagram  exists  in  the 
literature  for  Cd-N  and  Si-N.The  nitride  Cd,!^  (tab. 33.1)  decomposes 
at  180°C  in  an  atmosphere  of  Nl^  (pressure  not  specif led) [88Wri ] .The 
azide  CdJJj  decomposes  around  100°C  [88Wri  ].  Silicon  nitride  exists  in 
two  modifications:  a -Sl^N^  and  /7-sia!^  (tab. 33 . 1 )  .The  solubility  of 
nitrogen  in  cadmium  [88Wri]  as  well  as  in  silicon  [76Fro]  is  very  low. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Cd-Si-N  at  300°C  (tab.33.1). 

Fig. 33.1  shows  the  isothermal  section  at  300°C  :  Confirming  earlier 
data  [65Yas], (69FelJ  Cd  coexists  with  Si^  in  equilibrium. Lattice 
parameter  measurements  Indicate  mutual  insolubility  of  Cd  and  Si^  . 

MISCELLANEOUS 

Liquid  cadmium  does  not  wet  SijN4  (  157°  under  vacuum  [66Mue]). 
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Table  33.1:  Solid  phases  in  the  system  Cd  -  Si  -  N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  Group  / 

Parameters 

Range  (°C) 

Prototype 

(pm) 

Cd 

hP2 

a=  297.87 

[85V11J; powder 

pattern: 

P6a/mmc 

Mg  (A3) 

C=  561.66 

ASTM  file  card 

#  5-674 

Cd,N2 

cI80 

as  1081 

[85Vil]; powder 

pattern : 

Ia3 

ASTM  file  card 

#  10-253 

CdN 

Mn^  (D5a  ) 

OP56 

as  782 

[85Vil] 

Pbca 

b=  646 

C=  1604 

Si 

cF8 

as  542.86 

[85Vil ] ; powder 

pattern: 

Fd3m 

ASTM  file  card 

#  5-565 

c  ( A4 ) 

a-Si3N4 

hP28 

a=  781.8 

[ 85Vil ] ; powder 

pattern: 

P31c 

Cs  559.1 

ASTM  file  card 

#  9-250 

Si,^ 

hP14 

as  760.8 

[85Vil ] ; powder 

pattern: 

P6a/m 

C  =  291.1 

ASTM  file  card 

#  29-1132 

SiaN4 

33-1160 
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SYSTEM  ALUMINIUM  -  SILICON  -  NITROGEN  (Al-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  Al-Si-N  at  600°C  were  investigated  by 
x-ray  analysis  [90Wei],  transmission  electron  microscopy  (TEM)  and 
Auger  electron  spectroscopy  (AES) [89Bre] .The  alloys  investigated  in 
[90Wei]  were  prepared  by  annealing  in  evacuated  quartz  tubes  cold 
pressed  powder  mixtures  of  Si^N^  (mixture  of  <*-SiaN4  and  tf-Sia»^, 

58  at%  Si, from  Alpha  Div.,Ventron  Corp.,USA),  AIN  (2N,from  Koch  Light 
Lab.  Ltd., UK),  silicon  (m4N,from  Fluka  AG, Switzerland)  and  aluminium 
(2N8,from  Koch  Light  Lab.  Ltd., UK). 

BINARY  SYSTEMS 


The  phase  diagrams  for  the  systems  Al-Si  as  well  as  Al-N  are  given 
in  [86Mas].  AIN  is  the  only  stable  intermediate  phase  (tab. 34.1) .No 
phase  diagram  is  reported  for  Si-N.  Si^  exists  in  two  modifications: 
a-SljN^  and  ( tab. 34 . 1 )  .The  solubility  of  nitrogen  in  aluminium 

as  well  as  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Al-Si-N  ( tab. 34 . 1 ) .Fig. 34 . 1  shows 
the  isothermal  section  at  600°C  in  the  absence  of  external  nitrogen 
pressure.  Although  expected  from  thermochemical  data  [76Fro] , x-ray 
data  of  samples  prepared  from  A1  +  SiaN4  did  not  show  the  formation 
of  si  ♦  AIN.  However, the  occurrence  of  this  reaction  was  observed  by 
AES  [69Bre]  and  TEM  [86Nak]  [89Bre]:  Around  each  grain  of  A1  a  thin 
layer  of  AIN  is  formed  acting  as  a  diffusion  barrierand  retarding 
further  progress  of  the  react ion. Thus  the  phases  observed  by  x-ray 
(fig. 34.1)  coexist  in  metastable  equilibrium  even  after  anneal  for 
several  hundred  hours. 
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MISCELLANEOUS 


The  wetting  angle  o£  liquid  aluminium  on  Sia*^  is  found  to  be 
e=  126°  [66Mue] , [66Yas] , [87Nak] .However  at  temperatures  above  1100°c 
A1  wets  Si^  (©=  72®)  [89Lju],(89Tom). 
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Table  34.1:  Solid  phases  in  the  system  A1  -  Si  -  N 


Phase  / 

Temperature 

Range  (°c) 

Pearson  Symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(pm) 

Comments 

Al 

cF4 

a=  404.88 

( 8 5Vil]; powder  pattern: 

Fm3m 

ASTM  file  card  #  4-787 

CU  (Al) 

AIN 

hP4 

a=  311.0 

[85Vil]; powder  pattern: 

P6„  me 

C=  498.0 

ASTM  file  card  #  25-1133 

SZn  (B4 ) 

Si 

CF8 

a=  542.86 

[85Vil J; powder  pattern: 

Fd3m 

ASTM  file  card  #  5-565 

C  ( A4 ) 

a-Si1N4 

hP28 

a=  781.8 

[85Vil ]; powder  pattern: 

P31c 

c=  559.1 

ASTM  file  card  #  9-250 

Si,N4 

^"SiaN* 

hP14 

a=  760.8 

[85Vil ]; powder  pattern: 

P63/m 

C=  291.1 

ASTM  file  card  #  29-1132 

SM. 

33-1160 
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/ 

Fig. 34.1:  Isothermal  section  observed  in  the  system  Al  -  Si  -  n 
at  600°C 


SYSTEM  INDIUM  -  SILICON  -  NITROGEN  (In-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  In-Si-N  at  120°C  were  determined  by  x-ray 
analysis  [90Wei].The  alloys  investigated  in  this  work  were  prepared  by 
annealing  in  evacuated  quartz  tubes  cold  pressed  powder  mixtures  of 
Si^  (mixture  of  o»-Sia!^  and  /7-SiaN4,58  at%  Si, from  Alpha  Div., 
Ventron  Corp. ,USA)  and  indium  (4N,from  Fluka  AG, Switzerland) . 

BINARY  SYSTEMS 

The  phase  diagrams  for  the  system  In-Si  is  given  in  [86Mas].No 
phase  diagrams  are  reported  for  In-N  or  Si-N.The  phase  InN  (tab. 3 5.1) 
decomposes  at  680°C  under  10  Pa  N2  [38Juz], [87Jon] .Sial^  exists  in 
two  modifications:  a-sijN^  and  ^-Sia!^  (tab. 35.1).  The  solubility  of 
nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHEPMAL  SECTIONS 

No  ternary  phase  is  observed  in  In-Si-N  (tab. 35.1).  Fig. 35.1  shows 
the  Isothermal  section  at  120°C  in  the  absence  of  external  nitrogen 
pressure. in  agreement  with  thermochemical  data  [76Fro]  indium  coesists 
with  Sia N^  in  equilibrium. Lattice  parameter  measurements  Indicate 
mutual  insolubility  of  In  and  Si3  N4 . 

MISCELLANEOUS 


Indium  does  not  wet  silicon  nitride  [89Lju] , [90oe] . 
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Table  35.1:  Solid  phases  in  the  system  In  -  Si  -  N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  group  / 

Parameters 

Range  (°c) 

Prototype 

(pm) 

In 

tI2 

a=  325.12 

[85Vil]; powder 

pattern: 

F4/mmm 

In  ( A6 ) 

C=  494.67 

ASTM  file  card 

#  5-642 

InN 

hP4 

a=  354.0 

[85Vil ] ; powder 

pattern: 

P6a  me 

SZn  (B4 ) 

c=  570.4 

ASTM  file  card 

#  2-1450 

Si 

cF8 

a=  542.86 

[85Vil]; powder 

pattern: 

Fd3m 

ASTM  file  card 

#  5-565 

C  (A4 ) 

a-Si,N4 

hP28 

a=  781.8 

[85Vil ] ; powder 

pattern: 

P31c 

c=  559.1 

ASTM  file  card 

#  9-250 

si,n4 

hP14 

a=  760.8 

[85Vil ]; powder 

pattern: 

P6a  /m 

C=  291.1 

ASTM  file  card 

#  29-1132 

Si,N4 

33-1160 
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SYSTEM  THALLIUM  -  SILICON  -  NITROGEN  (Tl-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  Tl-Si-N  at  200°c  were  determined  by  x-ray 
analysis  [90Wei].The  alloys  investigated  in  this  work  were  prepared  by 
annealing  in  evacuated  quartz  tubes  cold  pressed  powder  mixtures  of 
Si^N^  (mixture  of  «-Sia!^  and  ft-8±a *^,58  at%  Si, from  Alpha  Div., 

Ventron  Corp. ,USA)  and  thallium  (4N,from  Fluka  AG, Switzerland) . 

BINARY  SYSTEMS 

The  phase  diagrams  for  the  system  Tl-Si  is  given  in  [86Mas].  No 
phase  diagrams  exist  in  the  literature  for  Tl-N  or  Si-N.The  nitride 
TIN  is  reported  (tab. 36.1)  without  further  specification  of  its 
stability  with  regard  to  temperature  and  nitrogen  pressure. The  azide 
TlNa  exists  at  least  up  to  225°C  [73Mau]  .SiaN4  occurs  in  two 
modifications:  a-si^  and  P-S±ali€  (tab. 36.1)  .The  solubility  of 
nitrogen  in  silicon  as  well  as  in  thallium  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Tl-Si-N  (tab. 36.1).  Fig. 36.1  shows 
the  isothermal  section  at  200°C  in  the  absence  of  external  nitrogen 
pressure:  T1  coexists  with  Si,^  in  equilibrium. Lattice  parameter 
measurements  indicate  mutual  insolubility  of  T1  and  Si^  . 
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Table  36.1:  Solid  phases  in  the  system  T1  -  Si  -  N 


Phase  / 

Temperature 

Range  ( °C) 

Pearson  Symbol/ 
Space  group  / 

Prototype 

Lattice 

Parameters 

(pm) 

Comments 

«-Tl(r) 

hP2 

a=  345.66 

185V11]; powder 

pattern: 

T<234°C 

P6a  /nunc 

c=  552.48 

ASTM  file  card 

#  30-1341 

Mg  (A3) 

(*-Tl(h) 

cI2 

a*  387.1 

[85V11]; powder 

pattern : 

T>234°C 

Im3m 

ASTM  file  card 

#  2-876 

W  (A2) 

TIN 

hP4 

a=  368 

[85Vil] 

P6a  me 

c=  601 

SZn  (B4 ) 

TlNa (h=r ) 

tI16 

a=  620.8 

[85Vil]; powder 

pattern: 

-25<T<225+ 

14 /mem 

C=  735.5 

ASTM  file  card 

#  21-1209 

si 

CF8 

a=  542.86 

[85Vil); powder 

pattern: 

Fd3m 

ASTM  file  card 

4  5-565 

C  (A4) 

hP28 

a«  781.8 

[ 8 5Vil J; powder 

pattern : 

P31c 

c=  559.1 

ASTM  file  card 

#  9-250 

si,h4 

hPl« 

as  760.8 

[85V11]; powder 

pattern: 

P6,/» 

Cs  291.1 

ASTM  file  card 

#  29-1132 

si,h4 

33-1160 

SYSTEM  TIN  -  SILICON  -  NITROGEN  (Sn-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  Sn-Si-N  at  200°C  were  determined  by  x-ray 
analysis  [90Wei].The  alloys  investigated  in  this  work  were  prepared  by 
annealing  in  evacuated  quartz  tubes  cold  pressed  powder  mixtures  of 
Si^N^  (mixture  of  a-si,!^  and  /7-SiBJ^,58  at%  Si, from  Alpha  Div., 
Ventron  Corp.,usA)  and  tin  (5N,from  Alpha  Div.,Ventron  Corp.,USA). 

BINARY  SYSTEMS 

The  phase  diagrams  for  the  system  Si-sn  is  given  in  [86Mas].  No 
phase  diagrams  exist  in  the  literature  for  Sn-N  or  Si-N.Si^  exists 
in  two  modifications:  ^-S^N^  and  /7-Si3N4  (tab. 37.1)  .The  solubility  of 
nitrogen  in  silicon  as  well  as  in  tin  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Sn-Si-N  (tab. 37.1).  Fig. 37.1  shows 
the  isothermal  section  at  200°C  in  the  absence  of  external  nitrogen 
pressure:  Sn  coexists  with  Si^N^  in  equilibrium. This  agrees  with 
ealier  literature  [65Yas] , [69Fel] .Lattice  parameter  measurements 
indicate  mutual  insolubility  of  tin  and  Si,t^. 

MISCELLANEOUS 

The  wetting  angle  of  liquid  tin  on  Si,N4  is  reported  to  be 
155±15° [66Mue ] , [89Lju] , [89Tom] , [90Loe ] . 
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Table  37.1:  solid  phases  in  the  system  Sn  -  Si  -  N 


Phase  / 

Temperature 

Range  (°C) 

Pearson  symbol/ 

Space  group  / 

Prototype 

Lattice 

Parameters 

(P«) 

Comments 

ft -an 

tI4 

as 

583.15 

[85V11 ]; powder 

pattern: 

T>13°C 

I4t/amd 

c= 

318.14 

ASTM  file  card 

#  4-673 

ft -8n  (A5) 

Si 

era 

as 

542.86 

[85V11]; powder 

pattern : 

Fdfm 

ASTM  file  card 

#  5-565 

C  (A4) 

a-Sl,H4 

hP28 

as 

781.8 

[85V11]; powder 

pattern : 

P31C 

c» 

559.1 

ASTM  file  card 

#  9-250 

hP14 

a« 

760.8 

[ 85V11 ]; powder 

pattern : 

R«,/m 

c* 

291.1 

ASTM  file  card 

«  29-1132 

33-1160 
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Fig. 37.1:  Isothermal  section  observed  in  the  system  Sn  -  si  -  H 
at  200°C 
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SYSTEM  LEAD  -  SILICON  -  NITROGEN  (Pb-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  Pb-Si-N  at  200°c  were  determined  by  x-ray 
analysis  [90Wei].The  alloys  investigated  in  this  work  were  prepared  by 
annealing  in  evacuated  quartz  tubes  cold  pressed  powder  mixtures  of 
Si^  (mixture  of  o>-sia!^  and  /3-Sia*^,58  at%  Si, from  Alpha  Div., 
Ventron  Corp.,USA)  and  lead  (2N8,from  Alpha  Div.,Ventron  Corp.,USA). 

BINARY  SYSTEMS 

The  phase  diagrams  for  the  system  Pb-Si  is  given  in  [86Mas].  No 
phase  diagrams  exist  in  the  literature  for  Pb-N  or  Si-N.The  azide 
PbN,  (tab. 38.1)  decomposes  upon  aging  at  room  temperature  as  well 
as  upon  heating  to  lisoc.si^  exists  in  two  modifications:  a-Si3N4 
and/7-Si^  (tab. 38 . 1 )  .The  solubility  of  nitrogen  in  silicon  as  well 
as  in  lead  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Pb-Si-N  (tab. 38.1).  Fig. 38.1  shows 
the  isothermal  section  at  200°C  in  the  absence  of  external  nitrogen 
pressure:  Pb  coexists  with  SiaN4  in  equilibrium. This  agrees  with 
ealier  literature  [60Coo] , (65Yas ], [69Fel ], [77Ash] .Lattice  parameter 
measurements  indicate  mutual  insolubility  of  lead  and  Slat^. 


MISCELLANEOUS 

The  wetting  angle  of  liquid  lead  on  S^N4  Is  reported  to  be  ® =  159° 
[66Mue] . 
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Table  38.1:  Solid  phases  in  the  system  Pb  -  Si  -  N 


Phase  / 

Temperature 

Range  (°C) 

Pearson  symbol/ 

Space  group  / 

Prototype 

Lattice 

Parameters 

(pm) 

Comments 

Pb 

cF4 

a=  495.07 

[85Vil ]; powder  pattern: 

Fm3m 

ASTM  file  card  #  4-686 

Cu  (Al) 

PbN. 

© 

OP84 

as  663 

[85Vil]; powder  pattern: 

Pnma 

bs  1625 

ASTM  file  card  #  14-629 

C=  1131 

24-82 

Si 

cF8 

as  542.86 

[85V11]; powder  pattern: 

Fdfm 

ASTM  file  card  #  5-565 

c  (A4 ) 

hP28 

as  781.8 

[85V11]; powder  pattern: 

P31c 

c=  559.1 

ASTM  file  card  #  9-250 

s^N4 

hP14 

as  760.8 

[85Vil]; powder  pattern: 

P6,/m 

C*  291.1 

ASTM  file  card  «  29-1132 

Si,N4 

33-1160 
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I 

\  Fig. 38.1:  isothermal  section  observed  in  the  systee  Pb  -  Si  -  N 

at  200°C 

I 

f 

/ 


N 


204 


SYSTEM  ANTIMONY  -  SILICON  -  NITROGEN  (Sb-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  Sb-Si-N  at  600°c  were  determined  by  x-ray 
analysis  [90Wei].The  alloys  investigated  in  this  work  were  prepared  by 
annealing  in  evacuated  quartz  tubes  cold  pressed  powder  mixtures  of 
si^N^  (mixture  of  a-si^  and /3-sia^,58  at%  Si, from  Alpha  Div., 
Ventron  Corp.  ,USA)  and  antimony  (4N,from  Fluka  >.G. ,  Switzerland) . 

BINARY  SYSTEMS 

The  phase  diagrams  for  the  system  Sb-Si  is  given  in  [86Mas].  No 
phase  diagrams  exist  in  the  literature  for  Sb-N  or  Si-N.Si^  exists 
in  two  modifications:  a-si^N^  and  /3-Si^  ( tab. 39 . 1 )  .The  solubility  of 
nitrogen  in  silicon  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Sb-Si-N  (tab. 39.1).  Fig. 39.1  shows 
the  Isothermal  section  at  600®C  in  the  absence  of  external  nitrogen 
pressure:  Sb  coexists  with  si^  in  equilibrium. This  agrees  with 
ealier  literature  [88Ahn] .Lattice  parameter  measurements  indicate 
mutual  Insolubility  of  antimony  and  Sia*^. 
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Table  39.1:  Solid  phases  in  the  systen  Sb  -  Si  -  N 


Phase  / 

Pearson  Symbol/ 

Lattice  ' 

Comments 

Temperature 

Space  group  / 

Parameters 

Range  (°C) 

Prototype 

(pm) 

Sb 

hR2 

a=  430.84 

[85V11]; powder  pattern: 

R3m 

C—  1127.4 

ASTM  file  card 

#  35-732 

a -AS  ( A7 ) 

Si 

CF8 

a=  542.86 

[ 8 5Vil]; powder  pattern: 

Fd3m 

ASTM  file  card 

#  5-565 

c  {A4 ) 

a-siaN* 

hP28 

a=  781.8 

[85Vil ] ; powder 

pattern: 

P31c 

C=  559.1 

ASTM  file  card 

#  9-250 

(?-Si3U4 

hPl4 

a=  760.8 

[85Vil ] ; powder 

pattern: 

P63/m 

c=  291.1 

ASTM  file  card 

#  29-1132 

Si3N4 

33-1160 
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Fig. 39.1:  isothermal  section  observed  in  the  system  sb  -  Si  -  H 
at  600°c 
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SYSTEM  BISMUTH  -  SILICON  -  NITROGEN  (Bi-Si-N) 


INTRODUCTION  /  EXPERIMENTAL 

The  phase  equilibria  of  Bi-Si-N  at  200°C  were  determined  by  x-ray 
analysis  [90Wei].The  alloys  investigated  in  this  work  were  prepared  by 
annealing  in  evacuated  quartz  tubes  cold  pressed  powder  mixtures  of 
Sl^N^  (mixture  of  a-Si.,*^  and  f*-Sia N4 , 58  at%  Si, from  Alpha  Div.,Ventron 
corp.,USA)  and  bismuth  (3N,from  E. Merck, FRG) . 

BINARY  SYSTEMS 

The  phase  diagrams  for  the  system  Bi-Si  is  given  in  [86Mas].  No 
phase  diagrams  exist  in  the  literature  for  Bi-N  or  Si-N.si^  exists 
in  two  modifications:  °‘-SjaN^  and  /?-Siai^  (tab. 40.1)  .The  solubility  of 
nitrogen  in  silicon  as  well  as  in  bismuth  is  very  low  [76Fro]. 

SOLID  PHASES  /  ISOTHERMAL  SECTIONS 

No  ternary  phase  is  observed  in  Bi-Si-N  (tab. 40.1).  Fig. 40.1  shows 
the  isothermal  section  at  200°c  in  the  absence  of  external  nitrogen 
pressure:  Bi  coexists  with  in  equilibrium. This  agrees  with 

ealier  literature  [69Fel] .Lattice  parameter  measurements  indicate 
mutual  insolubility  of  bismuth  and  S1,N4. 


MISCELLANEOUS 


The  wetting  angle  of  liquid  bismuth  on  Si,N4  is  reported  to  be 
e  >  90*  (non  wetting)  [65Yas]. 
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Table  40.1:  Solid  phases  in  the  system  Bi  -  Si  -  N 


Phase  / 

Pearson  Symbol/ 

Lattice 

Comments 

Temperature 

Space  group  / 

Parameters 

Range  (°C) 

Prototype 

(pm) 

Bi 

hR2 

as  454.60 

[85V11]; powder 

pattern: 

R3m 

c=  1186.2 

ASTM  file  card 

#  5-519 

o»-As  ( A7 ) 

Si 

CF8 

a=  542.86 

[85Vil J; powder 

pattern : 

FdSm 

ASTM  file  card 

«  5-565 

c  (A4 ) 

hP28 

a=  781.8 

[85V11]; powder 

pattern: 

P31C 

c*  559.1 

ASTM  file  card 

#  9-250 

hP14 

a*  760.8 

[85V11]; powder 

pattern : 

F6a/a 

cs  291.1 

ASTM  file  card 

«  29-1132 

Si,N4 

33-1160 
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